AD-A173 862  MOLECULAR MECHANISMS OF MICROBIARLLY FACILITATED 1/2
CORROSION{U) TENNESSEE UNIV KNOXVILLE INST FOR APPLIED
HICROBIOLOGV D C WHITE 23 OCT 86 62-608163

UNCLASSIFIED N@0@814-83-K-0856 /'G 6/13

x
=

i




-

~ ~N

e W
»

o
=

EarrY

T Ve v

" Lo b
¥ _——-——_h'lfm .
by i

'CROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS. 1963-4

LY

-~

\
, -*' *'4 .i v' p“.‘ , t“.'.' g"-.llt' .i‘.':‘:.:.
i Al G, (3 MY
O [Ny 0 b $
l.!*«,l a."i."e,‘ 1:"l \ '> a‘ ‘, ! '. o




Institute for Applied Microbiology @
University of Tennessee

10515 Research Drive, Building # 1, Suite 300
Knoxville, Tennessee 37932-2567

615-675-9520 ’
October 23, 1986 D l ' C
Dr. Eli D. Schmell ELECTE
Program Manager, Molecular Biology NOV 0 4 188

Code 1141MB
Office of Naval Research

800 North Quincy Street { D

Arlington, VA 22217-5000

Dear Eli,

AD-A173 862

Here is our annual report on the corrosion grant together with some
preprints and some illustrations you could make into overheads or slides if
you want to talk about corrosion. Bearnie told me that you might be
proposing a microbially facilitated corrosion initiative around Brenda
Little. Please let me help you as that would be wonderful.

We are very excited. It seems that next to us in our new laboratory on
the Pellissippi technology corridor is the Computer Technology and Imaging
Co. It turns out that they make the positron imaging apparatus for Siemans
that enables detection of labeled isotopes (made in their handy little
cyclotron) with very short half lives that are used in humans where they have
a resolution of 2 mm, 'They are talking to us about microns--we may be able
to watch living microcolonies do their chemistry non-destructively! Behind us
in the enantiomorphic building is Pellissippi International, Inc., the newest
company of G, Sam Hurst who has a laser technique that increases IR
sens1st:1v1ty by 5-orders of magmtude and has immediate access to the ORNL
scanning tunneling electron microscope and wants to do a b1olog1ca1 project.
1 fell into a gold mine! Our new lab is beautiful although it is currently
devoid of lab benches, sinks and hoods. Supposidly that will come with time.
You need to site visit us! _

Good to see you and the gang at Belmont but I was sorry to miss Warren.
Give him my best. We may be able to do fantastic things with Mike
Silverman's adhesion mutants,

Sincerely,
<.’“
B

David C. White M.D., Ph.D.
UTK/ORNL Distinguished Scientist
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PROGRESS REPORT, N000014-83-K-0056, MOLECULAR MECHANISMS OF MICROBIALLY
FACILITATED CORROSION

David C. white, Institute for Applied Microbiology, 18515 Research Drive,
Suite 300, Bldg. #1, Knoxville, TN 37932-2567 (phone 615-675-9520)

SUMMARY OF PROJECT GOALS:

1) To correlate corrosion to the specific activities of microbes,
consortia of microbes and their extracellular products to discover mechanisms
of microbially facilitated corrosion (MFC); 2) In terms of these mechanisms
of MFC to define conditions that increase or decrease corrosion; 3) To
increase the specificity and sensitivity of methods to define the community
structure, nutritional status and metabolic activities of MFC consortia by
gas chromatography/mass spectrometry (GC/MS) to correlate with Fourier
transform infrared spectroscopy (FT/IR); 4) To measure effects of bulk media
composition, surface chemistry, and topology on the MFC potential of various
monocultures and biofilms; 5) To develop methods to measure corrosion on the
scale of microcolonies (microns); and 6) To quantitatively test
countermeasures on attachment and proliferation of corroding biofilms.

RECENT ACCOMPLISHMENTS:

Published work from this grant include a review showing the
applicability of the phospholipid ester-linked fatty acid (PLFA) analysis to
defining the microbial community structure. Other lipid measures of
microbial community nutritional status based on the rates of formation of the
endogenous storage lipid poly beta-hydroxybutyrate (PHB) and the metaboilic
activity from rates of incorportion into lipids and DNA are detailed in the
analysis of toxicity assessment (1). The structural detail of the PLFA
analysis was greatly increased with the development of the dimethyldisulfide
adducts for GC and CG/MS (8). With this derivitization we were able to
demonstrate signature PLFA in two types of methane oxidizing bacteria (2) and
then to show that type II methanotrophs increase dramatically in sediments
exposed to natural gas. This consortia that develops with exposure to
natural gas and air rapidly degrades halogenated hydrocarbons (4). This work
which was a by- product of the corrosion research is the basis of in situ |
rectification of contaminated ground water. We examined the mineral acid
secreting bacteria as MFC agents and were able to show an incredible array of
signature PLFA in the acid producing Thiobacilli (5). We were then able to
utilize these biomarkers to establish the role of these acid producing
Thiobacilli in the biodegredation of concrete (6). This work forms the basis
of a biotest system for the development of MFC resistant concrete (7). This
system is utilized extensively in West Germany and the PLFA analysis has
greatly increased the sensitivity. We continued our work with the sulfate-
reducing bacteria (SRB) and were able to define signature lipid biomarkers
for the fatty acid utilizing Desulfobacter type SRB's (3). With this marker
in hand We were able to establish that in most enviromments it is the I

0
g

Desulfobacter not the Desulfovibrio that are the important SRBs. It was then

possible to provide these organisms and this insight to D. Pope who utilized
fluoro-antibodies to test the correlaton of corrosion with the biomass of

SRB's in many field samples and it is becomming increasingly apparent that

the correlation is very poor. The presence of total microbial consortia = ...
apparently gives much better correlations with MFC. Consequently we
demonstrated that consortia were more effective in MFC than monocultures. To
initiate studies of MFC consortia we incubated stainless steel coupons in a
B. Little type galvanic corrosion cell and showed that it was possible to set ——— e
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up a consortium of a facultative Vibrio and the anaerobe Desulfobacter that
was much more corrosive than either monoculture. Furthermore it was possible
to create the consortia in aerated sea water even though the Desulfobacter is
a strict anaerobe (see presentations A). We were able to establish that a
consortium can create anaerobic microniches in aerated systems that
facilitate MFC, With the signature biomarker techniques we have developed we
now hope to explore consortium structure and activity in much greater detail.
Wwork supported by this proposal enabled us to develop and test a method by
which the particulate composition of the bulk water can be examined. We
showed a hexane:isopropanol extraction of PLFA was quantitative and did not
disturb Nuclepore membranes (Guckert, Ph.D. thesis). This makes possible
studies of the effects of treatments on the recruitment of specific microbes
from the particulates or the pelagic bacterial suspension that can facilitate
MFC (for example where do the anaerobes come from in aerobic seawater). Our
work has shown the utility of the FT/IR in the nondestructive analysis of
biofilms (Presentations B). This combined with the PLFA methodology reviewed
in (1) means that the methods now exist to examine the microbial consortia at
the micron scale of the colonies. What is now necessary is the development
of methods for quantitatively demonstrating the spacial concordance of
corrosion and microbial consortial activities on the scale of microbes.

PLANS FOR NEXT YEAR:

Dowling is spending the fall with Dr. J. Guezennec at IFREMER in
Brest, France where he will be utilizing one of our B. Little type galvanic
cell chemostats in their extensive marine test systems. He will be teaching
them the signature biomarker GC/MS techniques and they will train him in the
use and and intrepretation of alternating current impedance cell monitoring
for biofilms and corrosion. D. Nivens is taking electrochemistry as part of
his Ph.D. program in analytical chemistry so we are bolstering our
understanding of how to measure corrosion in the presence of irregular
biofilms, The studies of B. Little make it clear that the use of the
standard polarization potentiometry which assumes a uniform surface is not
accurate in problems fo MFC. A new Ph.D. student, M. Franklin, is learning
the lipid techniques so he can combine his microbiological skills with
fastidious anaerobes with chemical probes.

Initially this year we plan to concentrate on Iron reducing and
oxidizing bacteria which we have isolated and characterized signature PLFA
from corroding well casings. There seens to be developing a whole system of
microbes based on iron that is sanewhat less active than nitrate but of a
higher potential than sulfate. We feel we can use their unusual morphology
to study new mechanisms for MFC. We also plan to utilize the HPLC methods we
have developed for Archaebacterial lipids to study the role of these
organisms in MFC. We will also be developing measures for the microbes that
produce organic acids as metabolic end products. We plan to try and directly
measure the loss of metal from sputter coated coupons using the excellent SCM
and EDAX facilities at UTK. We are planning to be able to greatly increase
the sensitivity of the GC/MS analysis by using various funds to purchase an
EXTREL GC/CINIMS that will increase the sensitivity of the PLFA analysis by 5
orders of magnitude using the methods we developed in Sweden in 1985. We are

if? also planning to use part of the equipment budget from this grant to purchase
sv} a good microscopic attachment for the FT/IR so we can examine microcolonies

5“? nondestructively prior to the SCM-FDAX analysis. We are actively negotiating
gﬁz’ to utilize the assay systems we have developed with an industrial corporation
»R¥ to test chemical countermeasures on shifting the microbial community stucture

as it relates to MFC.
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(c) Presentations:
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seawater by microbial biofilms containing both facultative and
absolute anaerobes. In Microbial Problems in the Offshore 0il
Industry, Proceedings of Conference, Aberdeen, Scotland.

B. White, D. C. 1986. Non-destructive biofilm analysis by Fourier
transform spectroscopy (FT/IR). Proceed. Fifth Int. Congress of
Microbial Ecology. Ljubljana, Yugoslavia, August 1986.
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Nicholas J. E. Dowling MsC., FSU Biology (white male, Scott)
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ABSTRACT
Concrete exposed to sewage or industrial waste in the presence of air and
inorganic reduced sulfur cawpoinds often degrades rapidly. Sulfur oxidizing
bacteria of the genus Thiobacillus which generate sulfuric acid as end
product of their metabolism play an inportant role in this process.
To evaluate the resistance of concrele to Lhe activity of these
microorganisms, a specially designed hydrogen sulfide chanmber containing
concrete test blocks was built, 1In this chanber, temperature, humidity,
hydrogen sulfide concentration and exposure to aerosols of different
thiobacilli are controlled. Experiments in this chamber show the rate of
concrete degradation is accelerated so that corrosion that required at least
5 years in sewer systems was reproducibly demonstrated in 9 months. With
this system the rates of degradation corrvesponding to a weight loss of
between 1 and 10% were shown to correlate nost closely to densities of

8 cells/ an’ of the bacterium 'T. thiooxidans

between 10% to 10
on the surface of the concrete test spocimens. Specific polar lipid
camponents in the manbranes of the thiobacilli can be utilized to monitor the

number of these organisms on the surfaces of corrading concrete,
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INTRODUCTION

The utilization of the versatile and relatively inexpensive building material
concrete in certain environments can lead to severe corrosion prablems. 1In
the presence of a reduced form of sulfur, oxyyen, nitrogen, and a carbon
saurce that can be carbon dioxide, reduced sulfur oxidizing microorganisms
can generate sulfuric acid. 1In the presence of the sulfuric acid gypsum can
be created framn the calcium hydroxides and carbonates with often disastraus

weakening of the structure. This problam has been noted p. imarily in

concrete sewer lines, particularly in warm and moxderate climates 1_4.
Parker in 1945 ° described a biologically mediated corrosion machanism
for the Melbourne, Australia, sewer system, Microbially generated hydrogen
sulfide is transported to the walls of the scwer pipes and converted to

sulfur., This sulfur is oxidized to sulfuric acid by the metabolism of the

4,6-12

thiobacilli. This theory has been confirmed by our work .

In the
course of study of sulfuric acid attack on the sewer network of Hamburg (FRG)
an in-situ study of the thiobacilli that wore involved in the biocorrosion
process proved them to be Thiobacillus intermedius, T. novellus, T.
neopolitanus, and T, thicoxidans .

To study the corrosion process under controlled conditions a chamber was
constructed in which the temperature, humidity, hydrogen sulfide
concentration, and exposure to acrosols of specific mixtures of these
thiobacilli was accurately controlled. In this chamber the corrosion was
reproducibly accelerated so that a process taking more than 5 years in the
field cauld be observed in 9 months. The tost system thus becam: an

excellent vehicle to monitor the resistance of different types of concrete as

well as to monitor the effects of cell numbers and species of thiobacilli on

rates of corrosion ]3.

preliminary evidence is also presented showing the
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long process of viable counting of cultured thiobacilli isolated from the

concrete surfaces can be supplemented or replaced by quantitative
measurements of the "signature" cawponents of polar lipids of these
organisms.

EXPERIMENTAL PROCEDURE

:;5:}3 - Controlled exposure chamber.
.-%};
;:9 A stainless steel chamber was constructed in which 32 concrete specimens

60 cm x 11 cm x 7 cm (h x w x d) in size that were scored into 1.8 cm squares

.t were placed on end with the base standing in 10 cm of water. The temperature
Ly
E':i of the water was maintained at 30°C with the pH held at 7.0 by means of an
"" automatic titration unit. The air space above the water was maintained at 30°C,
-!‘:?;3 at 100% humidity, with 10 + 1 ppm hydrogen sulfide as monitored by a
ot
:z::f{ gas chromatograph 4. The blocks were periodically sprayed with cultures of
.:&' thiobacilli that had been isolated from the sewer system. The pH at the
o concrete surface was monitored by firmly attached pH strips on the concrete
e . . .
'i:z' specimens. The strips were replaced every 2 wecks. The test apparatus is
:ttg diagrammed in Figure 1. The concrete test specimens and chanber are
Ty illustrated in Figure 2.
e o .
;S Monitoring the corrosion |
i‘,‘j::l After a 3 month inoculation period each specimen was sampled every 90 ‘
e days for 3 to 4 periods. The surface cubes were broken off the concrete test ‘
D:‘::E samples, transferred to sterile bottles containing 50 ml of sterile washing
:;;; solution (see below), and incubated in Flasks rotated at 200 RPM on a shaker
—;,;:, for 30 min. The resulting suspensions were usad for dilution series, from
:;ESE which selective media (see below) for thiobacilli, bacterial heterotrophs,
)
‘fE:E: and fungi were inoculated. The cultural evaluation took 4 wecks. The
weight loss of the cubes was monitored at the start and end of the
o
experiments. After shaking the cubes for 2 hours in sterile washing solution
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! both the cubes and the dried washing solution were weighed. The loss of
weight equalled the weight of the dried corrosion products found in the
vy washing solution divided into the sum of the dried corrosion products and
oy dried cubes.

W . Monitoring bacterial growth

The most probable number (MPN) technigue was utilized to establish the

microbes involved with the corrosion. For I'.intermedius and T. novellus

sy the medium contained Na,S5,03~5t,0, 5.0 g/1; CaCl-2l,0, 0.13 g/1; Ni ,C1, 1.0 g/1;
0o MgSO4-7H20, 1.02 g/1; KH,PO,, 0.4 g/1; K lIPO,, 0.6 g/1; trace metal solution: (5

0 ml/1 of EDTA, 50 g/1; ZnSO,-7H,0, 2.2 g/1; CaCl,, 5.5 g/1; MnCl,~4H,0, 5.06 g/1;

;ig‘ FeS0,-6H,0, 5.0 g/1; (NH,)gMo;054, 1.1 g/1; CuS0,-51,0, 1.57 g/1; CoCl,-6H,0, 1.61
§§g‘ g/1; in 1.0 1 distilled water), ferric-EDTA, 2 mg/l; biotin, 24.4 mg/1; in 1.0 1

::‘t distilled water with a final pH of 6.5. For T. neopolitanus the medium

?‘ contained Na25203-5l120, 10 g/1; Mgs0,-TH,0, 0.8 g/1; NH4C1, 0.4 g/1; trace

's':: metal solution, 10 ml/1; KH,PO,, 4.0 g/1; K,liPO,, 4.0 g[l; in 1.0 1 distilled

ffz water. For T. thiocoxidans the medium contained Na,5,03-51,0, 10.0 g/1; KH,PO,,

. 2.0 g/1; caCl, 1.0 g/1; MgS0,4-7H,0, 0.2 g/1; (NH4) S04, 0.1 g/1; CaCl,-2H,0, 0.04 g/1;
gg FeCl,-6H,0, 0.02 g/1; and MnSO4-H,0, 0.015 g/1 in 1.0 1 distilled water. The .
"," washing solution was the T. neapolitanus medium without thiosulfate. The media were
K sterilized for 30 min at 110°C.

E": The cell counts were done on serial dilutions in steps of 1 to 10. Five

:E?' culture tubes with 2.5 ml of each medium were inoculated with 0.5 ml of the

0 serial dilution steps and incubated on a rotary incubator at 30 °C for

::' aeration. The tests were evaluated after 3 weeks of incubation. Tests for T.

":. neapolitanus and T. thiooxidans were considered positive if the pH of the

5 medium was below 4.0 and 2.0 respectively. ‘To diFt"erentiat:e between T.
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B N L A A LT B A S .'.*" SN M,.\'N{;".}."M QAT



intermedius medium, each test tube with turbidity and a pH below pH 4.0 was

streaked on T. intermedius/novellus agar (salts plus 1.5% agar) and incubated

at 30°C for 1 week. The test was considered positive for T.

intermedius/novellus if the colonies were transparent, and yellowish, and

negative if the colonies were opaque and white (T. neapolitanus).

Heterotrophic aerobic bacteria were scored after growth on agar plates
containing DEV-gelatin agar (Merck, FRG). Fungi were counted after growth on
Sabouraud-Maltose agar (Merck, FRG).

Analysis for signature lipids

Specimens of corroded concrete and monocultures of the thiobacilli were
extracted with a one phase chloroform-methanol solvent and the lipids

fractionated on silicic acid colums 14'15.

The polar lipid fraction
recovered in methanol was subjected to mild alkaline methanolysis and the
products partitioned against water. The water portion was analyzed for
phosphate (total extractable phospholipid) 14. The lipid portion was
fractionated into the acyl fatty acid methyl esters and hydroxy fatty acid
methyl esters by thin layer chramatography, the esters recovered and analyzed
by capillary gas liquid chramatography and with structural confirmation by

mass spectrometry 16 .

RESULTS AND DISCUSSION

Corrosion and surface pll of concrete

Three types of concrete show different responses to the corrosive
activities of the thiobacilli (Figure 3). All specimens had an initial pH of
between 9 to 11. With a resistant Portland canent shown In the upper panel
of Figure 3 the pH decreased within 120 days to between 2.0 + 0.3 and
remained constant until the end of the experiment. 'The middle panel of Figure 3

shows a Portland cement of intermediate resistance. The initial pH remained




constant for 70 days, decreased to pH values betweeen 2 and 3 in the next 45
days and then remained at that pH until the end of the experiment. The lower
panel shows the response of blast furnace type ceanent with the poorest
resistance to the microbial corrosion. The pH decreased to pH 3 within 50
days and continued to fall to a pH of 1.0.

Cell counts of thiobacilli and corrosion of concrete

The cell counts of the three major groups of thiobacilli show highest
levels in the most rapidly degrading concrete (lower panel, Figure 3).

Although the lowest levels of T. intermedius/novellus appear to be associated

with the most resistant concrete (upper panel, Figure 3), the best
correlations between rates of degradation of the concrete and thiobacilli are
with the most powerful acid generating species T. thiooxidans. This is
illustrated in the data of Table 1.

The plate counts of heterotrophic aerobic bacteria and fungi were
independent of the concrete specimen tested.

Potential of signature lipid analysis of thiobacilli

Assay of the thiobacilli fram the dilution tubes and culture plates
T. novellus. Recently the use of chamical assays of the lipid camponents of
microbial consortia has been shown to provide a quantitative measure of the
biomass and cammnity structure without the necessity of isolation of the
organisms from the growth substrate or culture of the organisms once they are

18,19 suggested that the lipids of

isolated 17, The early work of Shively
the thiobacilli were sufficiently unusual to serve as signatures of these
organisms. Work for our laboratory has shown that the thiobacilli polar
lipids contain ester-linked and amide-~linkal fatty acids with unusual

structures such as monoenoic 15, 16 and 17 carbon fatty acids with

unsaturations at 5, 6, 7, 8, and 9 carbons from the methyl end of the

----- Y -
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molecules 20. Most organisms have the unsaturation at a single position

usually at the 7 or 9 position fram the methyl end. These organisms also
contain unusually large proportions of cyclopropane fatty acids with the
three membered ring between 7 and 8 in the 17 carbon and between 8 and 9 in
the 19 carbon atam fatty acids. These lipids also contain unusual 2 hydroxyl
monaunsaturated, 10 and 11 methyl branched, 2 hydroxyl cyclopropane, 10
through 13 methoxy saturated, 10 and 13 hydroxy saturated fatty acids. These
fatty acids occur in proportions that enable the individual species to be
differentiated fram each other 20. The unusual polar lipid fatty acids and
the bound fatty acids fram the lipopolysaccharide enable the acid producing
thiobacilli to be identified in samples fran the test specimens and corroded
concrete sewer sanples fram the field 21.
CONCLUSIONS

It has proved possible to correlate in sewer pipes, in the
field,]‘1 and on- concrete specimens in a strictly controlled hydrogen sulfide
test chamber 12 that the degree of concrete degradation directly correlates

with the numbers of Thiobacillus thiocoxidans. These organisms depress the pH

of the surface of the concrete to values between 1 and 3 by their excretion of
sulfuric acid. The development of a biochanical assay for the thiobacilli
allows greater insight into the relationship between metabolic activity of
the organisms and the degradation of concrete. The development of this test
chamber which provides reproducible exposures to the biodegradative activity
of the Thiobacilli in reasonable timespans has led to a biotest facility for
this most versatile building material.
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:: Table 1 Relationship between biodegradation of concrete and number of

Thiobacillus thiooxidans.

¢
N Corrosion Grade Loss of Weight Number of T. thiooxidans Number

% of Total Iogarithm cells/c:m2 Analyzed

Ty Negligible 0.7

I+

0.5 6.8 + 0.6 3

Medium 2.3

I+

1.7 7.1 + 0.7 6

o) Great 5.8 + 2.9 7.7 + 0.5 5
t
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4 FIGURE LEGENDS

i Figure 1. Diagram of the constant temperature, humidity, and hydrogen
sulfide "Biotest" chamber.

) Figure 2. Photograph of the "Biotest" chamber showing the concrete
sanples in place with the surface pH test strips.

Figure 3. Profile of the pH (X) and logarithms of the cell numbers of T.

P

intermedius/novellus (1), T. neapolitanus (2), and T. thiooxidans (3)
measured after 270 days in the test chamber. Upper panel: resistant Portland
. cement; middle panel: intermediate resistant Portland cement; and lower
K
*' panel: blast-furnace cement of poorest resistance.
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THE ROLE OF CONSOQRTIA
IN MICROBIALLY FACILITATED CORROSION

Aerobic seawater .
Microcolony

. N 1L
T eae? T N

Anaerobic MFC in Aerobic Systems

Heterotrophic Aerobe - creates anaerobic
microniche:  Polymer —> Monomer

;mmwa Acetogen: Monomer —> Acetate

e Desulfobacter: mow + Acetate —> 8m + Iwm
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FT/IR - ATTENUATED TOTAL REFLECTANCE

1. Observe 1iving biofilms
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MECHANISMS OF M.F.C.

1, Metabolic Generation of Acids
a) anaerobic fermenters

carbohydrates —— 5 Acetic acid
Lactic acid
etc,

(Clostridia ——— Plasmalogens)
(Bacteroides —— Phosphosphingolipids)
b) Mineral acid generators

reduced sulfur —0m7F-— & H250,

( Thiobacilli —— Hydroxy, Cyclopropane)
( Thermoplasma —— Ether lipids)

2, Differential Cathodic Activity

heterogenous distribution

3. Chelation —————Shift in Equilibrium
(Iron Bacteria)

4. Sulfate-reducing bacteria
Hydrogen removal - (Desulfovibrioail7:1 7¢c)
Sulfide generation - ( Desul fobacter — 10Me16:0)

5. Hydrogen tmbrittlement '
form atomic hydrogen on surface?
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MICROBIOLOGY OF CORROSION

1. The Importance of Exopolymers

* ADHESION

* SPECIFIC ASSOCIATIONS

* PROTECTION - ( Chemical, Mechanical,
Biological)

CONTROL MICRO-ENVIRONMENT - (Chelation,
Deoxygenation)

2. The Formation of Mixed Microbial Consortia
» Greatly increase metabolic versatility

* Modify the environment -- microniche
* Aerobic and anaerobic mechanisms
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ATR Flow Cell Experiments
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In situ Real Time Analysis with
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OBJECTIVES

"Signotures of Microbial Groups"

1. Fermenters.
Complex CHO - H,+ COo+ short chain acig

[lle—O@CH=CH-—R HD—CH—CH26R
'CH-0—-C-R HC—NH-C—R
CHZ—O—PO3_X HZ—U'—'PO:.}—X
Plasmalogen Sphingolipid

. 2. Sulfate Reducers. Ho+ COo—~> H5S

Polar éster—linked Fatty acids: Brl15:0, i16:0,
it7:1w8c, and 10 Methyl 1h:0.
Hydroxy Fatty Acids from the LPS.

Methanogens. Ho+ COp - CH,

CH,—0—R

CH —0-R
CH,—0—-P0Og—X
Uiphytanyl Glycerol Ethers
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GENERAL PROPERTIES OF CELLS
Nt i

PHOSPHOLIPID -

1. COMPONCNT OF ALL MEMBRANES
2. RAPID TURNOVER
3. STABLE AMOUNTS IN CELLS

98% OF EUBACTERIAL MEMBRANES
~ 50% oF REST

4. QUANTITATIVELY EXTRACTABLE
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ASSOCIATION OF ACID PRODUCING THIOBACILLI WITH DEGRADATION OF CONCRETE:
ANALYSIS BY "SIGNATURE" FATTY ACIDS FROM THE POLAR LIPIDS AND

LIPOPOLYSACCHARIDE

¢
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Table 1|

A. ESTER-LINKED FATTY ACID COMPOSLTLON LN THE POLAR LIPIDS OF THIOBACILLI

NONHYDROXY FATTY ACIDS

T. intermedius

Thiobacillus Species

T. neapolitanus T.

thiooxidans CHAMBER

SEWER

Fatty Acid
15:0 —-——-
16:1w7¢c + ¢ 0.87
16:0 15.0
cyl7:0w(7,8) 9.46
17:0 2.64
18:1wlc + t 6.63
18:1w5C 0.95
10 + 11Mel8:1w6 5.97
cyl9:0(w8,9) 25.6
cy20:0 11.6
TTTTTTTTTTTTTTENI T,
OB Fatty Acid
2,A3-0H14:0 0.59
20H-cy16:0 6.44
2,\3-0H16:0 53.6
2,5 3-0117:0 1.28
20H-cy18:0 11.0
2, 30H-18:0 5.27
20H-cy19:0 15.3
r
X OHFAME/FAME 12.3

3.79
15.1
28.5

1.20

4.61
37.2

0.93

0.41

1.52

0.34

mole percent of FAME

-—— 1.36
9.19 3.25
36.1 15.8
5.56 10.8
<0.3 2.46
39.5 18.8
<0.3 <1.0
0.70 <1.0
4.24 32.8
1.35 <1. 0

6.84

8.54
23.5

2.43
14.5
15.9
<1.0
<1.0
14.7
<1.0

T *“*“""'?:F [ a————
9 (AMIDE AND ESTER-LINKED HYDROXY FATTY ACIDS \¥1, ‘{(

mole percent of OHFAME

5.74 * 11.8 *
—— 5.99
25.0 * 16.5 *
2.92 0.96
1.61 3.70
22.6 10.3
42.2 27.3
15.3 33.1

* Indicates found primarily in the polar aminolipid

B. HYDROXY FATTY ACID COMPOSLITION

OF THE LIPOPOLYSACCHARIDE OF EXTRACTED THIOBACILLI

OH Fatty Acid

mole percent of OHFAME

3-0H12:0 39.1 57.1 1.41 19.5
z‘ 3J0H-13:0 1.98 8.94 4.37 <1.0
‘3ou 14:0 6.48 5.81 20.6 26.4
2 3JOH-15:0 <1.0 8.57 4.31 5.48
30H-16:0 44,2 7.93 32.6 13.3
2}’3on—17:o <1.0 <1.0 <1.0 1.28
2, 301-18:0 8.27 4.15 9.18 5.67
2, 30H-19:0 <1.0 3.41 9.82 9.62
Values in Table | represent averager valuers of duplicate analyses.
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The acid-producing thiobacilli contain fatty acid components in the

ﬁ polar lipids and lipolysaccharide lipid A that are sufficiently unusual that
they can be utilized as "signature" lipid biomarkers for these organisms in
environmental samples. Studies in microcosms have shown correlations between

activity of these organisms measured by recovery and viable counting and the

degradation of concrete., The "signature" lipid analysis provides a detection
Jp} assay requiring neither separation of the organisms from the substratum nor
st
ﬁf{ growth prior to determination. The presence of acid producing thiobacilli

was demonstrated in microcosm samples and degenerating concrete from the

Hamburg (FRG) sewer system.

Key words: Concrete(éﬁodegradation, Signature(iipids, Fatty (acids,

ﬁ“ (}hiobacilli, Acid producing bacteria, Hydroxy-cyclopropyl fatty acids, i

) Methoxy fatty acids)




INTRODUCTION
The acid-producing, aerobic, gram-negative thiobacilli have been !
shown to produce a diverse complement of fatty acids in the
chloroform:methanol extractable phospholipids [4]. The combination of o-
methoxy, mid-chain hydroxy, 2-nydroxy cyclopropane, midchain-branched,
branched-cyclopropane, monounsaturated at the omega (w) 5, 6, 7, 8, 9, 10
positions, 2- and 3- hydroxy, and large proportions of the "thniobacillic"
cyclopropane 19:0 w(8,9) fatty acids are found in the polar lipids of
these organisms. These polar lipid fatty acids (PLFA) are sufficiently unique
among the microbes that they can serve as effective "signatires” for these
organisms.(iw
Failure of concrete sewers has been associated with acid-producing
microorganisms that utilize reduced sulfur and oxygen with the generation of
sulfuric acid [9, 14, 17, 19]. To study the resistance of different
concrete samples to the effects of the thiobacilli, Sand and Bock constructed
a chamber in which the temperature, humidity, and hydrogen sulfide
concentration could be regulated [16, 17] and were able to greatly accelerate
the biodegradation. In the field and in the artificial chamber the most
rapid biodegradatidn was associated witin the growtn of Thiobacillus
thiocoxidans [9, 16]. The detection of the thiobacilli in these studies
involves the isolation and culture on several media. This can require six to
eight weeks. The present study will show that the presence of the acid //
producing thiobacilli can be detected in samples from the Hamburg sewer and /

from the biotest chamber utilizing the "signature'" biomarkers from the

extractable PLFA, and the lipopolysaccharide lipid A (LPS). | Signature lipid

Al
biomarkers been utilized to detect type 1 and Il methanotrophic

bacteria (11, 13], Desulfobacter and Desultovibrio sulfate-reducing bacteria
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[1, 2], the pathogenic bacterium Frauncisella tularensis [10], and the

archaebacterial methanogenic archaebacteria (7, 8}.

(Y

MATERIALS AND METHODS

Materials

Solvents and reagents were the best grade available commercially.
Standards and derivatizing agents were purcnased from Supelco, Inc.
(Bellefonte, PA), Applied Science (State College, PA), Aldrich, Inc.
(Mi lwaukee, WI), Sigma Chemical Co. (St. Louis, MO), and Pierce Chemical Co.
(Rockford, IL).

Samples

Thiobacillus thiooxidans strain K-2, T. neapolitanus strain B-2, and

T, intermedius strain D-14 were grown and recovered in the late stationary

phase by centrifugation as described previously [4, 16]. Concrete samples L{

; L
from the sewer or biotest chamber were lyophilized and then pulverized to \ /WV(L:
chunks smaller than 1 cm3. \S

Extraction

The modified one-phase Bligh and Dyer extraction was utilized for all
samples [22]. Duplicate samples were extracted separately and all data is
expressed as the mean of two determinations. After Tbéiovernight separation
of the lipid and aqueous phases in the second stage of the extraction, the
organic fraction was filtered through fluted Whatman 2V filters and
evaporated to dryness under a stream of nitrogen. To recover the polar

lipids, silicic acid columns were prepared using | g Unisil (100-200 mesh),

(Clarkson Chemical Co., Inc, Williamsport, PA) activated at 120°C for 60 min
and pre-extracted with chloroform. The columns were l4-mm diameter glass
columns. Total lipid was applied to the top of the columus in a minimal

volume of chloroform. Sequential washes of 10 ml of cihloroform, acetone, and

4
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methanol eluted the neutral, glyco-, and polar lipids respectively. The
polar lipid fraction was dried under a stream of nitrogen. The mild alkaline
methanolysis procedure [22] was utilized to prepare methyl esters of the
ester-linked PLFA.

Lipopolysaccharide analysis

The residue from the lipid extraction of the cells was refluxed in 3 N
HCl for 4 hours and the lipid fraction recovered in chloroform [15]. The
concrete samples were refluxed in 5% (w/v) KOH in methanol:water (8:2) for 4

GGh\ALuub o Sho¢
hours, allowed to cool, the hydrolysate se %irated from/(ﬁe concre Y

‘)»— ey, T
Il
repeated washes with water and chloroform[< 1ich was neutrallzed with HCI to
- e e

pH 6.0. The solution was partitioned against chloroform and the lipid soluble

hydrolysate recovered.

Purification of the lipids

Thin layer chromatography (TLC) on Whatman K-6 silica gel, 0.250 mm thick
" -

was utilized for purificatioqA Tne methyl esters from the polar lipid
fraction were applied in a strip to the origin of the TLC plate that had
previously been divided into a large mid plate channel with two narrow
channels on the edges. Authentic fatty acid methyl esters (FAME) and hydroxy
fatty acid methyl esters (OHFAME) were applied to the outside channels and
the plate placed in a tank for separation by ascending chromatography in a
solvent of chloroform: methanol: water (55: 35: 6, v/v/v). The silica gel
bands corresponding to the FAME and OHFAME (Rf >0.8) were lifted from the
plate with vacuum in a Pasteur pipette and the fatty acids recovered with
chloroform: methanol (2:1, v/v). The position of the aminolipids was
identified by spraying a portion of the plate with 0.25% w/v ninhydrin in
acetone: lutidine (9: 1, v/v) {4}. The bands on the unsprayed portion of

(‘ q\ (lb
the plate were recovered in a Pasteur ¢oluma—and eluted with chloroform:

methanol (1: 1) and (2: 1, v/v).
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The FAME and OHFAME were separated using ascending chromatography with

hexane: diethyl ether (l: 1, v/v). The FAME band (R, 0.65) and OHFAME band

%; (Rf 0.25) were recovered and eluted with chloroform and chloroform: methanol
Ry |
%ﬁ (1: 1, v/v).
The aminolipids recovered from the TLC plates were subjected to acid

..i
¢ N
Q§< methanolysis in anhydrous methanol: concentrated HCl: chloroform (10: 1: 1,
€é2€
§§: v/v/v) after heating at 100°C for 1 h. Tne OHFAME were recovered in
\“-‘

chloroform.
N Derivatizations
¥
e Trimethylsilyl ethers of OHFAME were formed with N, 0,~bis-

(trimethylsilyl)-trifluoroacetamide (BSFTA) (Pierce Chemical Co., Rockford,

IL) [15].
o [15]

R The position and geometry of the monounsaturation in the FAME and OHFAME
(A Y
KA
was determined using two procedures. Dimethyl disulfide (DMDS) adducts were
,“V.‘ . .
?é‘ prepared as described [12]. These derivatives increase the resolution
A .
Tt
;&i‘ between cis and trans geometrical isomers in capillary gas~liquid
i,
(12 .
chromatography (GC). The position of the cyclopropane ring in the FAME can
ikt
ﬁ?q be determined after hydrogenation in the presence of Adam's catalyst of PtO,
M
\X)
D) . . .
}ah with the esters dissolved in methanol:glacial acetic acid, (l: 1, v/v) under
1y
1" ' - . . 0
a hydrogen atmosphere (140 kPa) at room temperature with mechanical agitation
' l", . . . -/L((_bﬂ/{
:QQ for 20-40 h in a Parr hydrogenation apparatus (Moline, IL) [4]. * These . —
ah L :
AN
*
Q%Q _derivatives give fragmentation patterns at branch points on either side of >
‘!’('l (
(SRt
: N the original cyclopropane ring. Similar treatment of the 2-OHcy FAME did
- ' J
M ) .
:z;, not yield fragments allowing determination of the branch points.
KIS
jqa Gas chromatography (GC)
L5
X} . , .
' Dry FAME or OHFAME were dissolved in hexane and the internal standard of
T’Q; .
vt methyl nonadecanoate added. Samples of 1.0 ul were injected onto a 50-m
-
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noapolar, cross-linked methyl silicone fused silica capillary column (0.2-mm
i.d., Hewlett Packard) in a Varian 3700 GC. A 30-s splitless injection with
the injection temperature at 250°C was used. Hydrogen at a linear velocity
of 35 cm/s was the carrier gas with a temperature program starting with an
initial temperature of 80°C. The initial 20°C/min rise for 3 min followed by
a 4°C/min rise for 30 min and an isothermal period for the remainder of the
40-min program was utililzed. Detection was by hydrogen flame (F. I. D.)
using a 30 ml/min nitrogen make up gas at a temperature of 290°C. An equal
detector response was assumed for all components. Peak areas were quantified
with a programmable laboratory data system (Hewlett Packard 3350 series)
operated in an internal standard program relative to known amounts of

internal standard.

Gas chromatography/mass spectrometry (GC/MS)

FAME and OHFAME were tentatively identified by co-elution with

authentic standards supplied by Supelco, Inc, (Bellefonte, PA) and Applied
Science Labs., Inc. (State College. PA) or previously identified laboratory
standards. The analysis was performed on a Hewlett Packard 5996A GC/MS with

a direct capillary inlet utilizing the same chromatographic system except for
the temperature program which was begun at 100°C and increased to 280°C at 4°.
C/min for a total analysis time of 60 min. The electron multiplier voltage

was between 1400 and 1600 V, the transfer line maintained at 300°C, the source

and analyzer maintained at 250°C, and the GC/MS was autotuned with DFTPP

(decafluorotriphenylphosphine) at m/z 502 with an ionization energy of 70 eV.

Y The data was acquired and manipulated using the Hewlett Packard RTE 6/VM data
s system. Other conditions were as described previously [&4].

03

¥

"r Fatty acid nomenclature

o Ey

" Fatty acids are designated as total number of carbon atoms: number of

BN double bonds with the position of the double bond nearest to the aliphatic

¥ '!";'
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(w) end of the molecule indicated. This is followed by the suffix ¢ for cis
and t for trans configuration of monoenoic fatty acids. The prefixes i, a,
or br indicate iso, anteiso, or branched (position undetermined). Mid chain
branching is indicated by the number of carbon atoms from the carboxyl (43)
end of the molecule and Me for the methyl group. Cyclopropane rings are
indicated with the prefix cy and the position of the ring from the aliphatic
(w) end of the molecule. Hydroxy fatty acids are indicated by the number of
carbon atoms from the carboxyl end of the molecule followed by the prefix OH.

Methoxy fatty acids are given with the number of carbon atoms from the

carboxyl end of the molecule followed by the prefix MeO.




{ RESULTS
Detection of thiobacilli

The proportions of ester-linked FAME and both ester- and amide-linked
OUFAME in the polar lipids in the thiobacilli isolated from corroding
\ concrete, as test concrete blocks exposed in a biotest chamber to thiobacilli,
and a sample from a corroding concrete sewer pipe, are listed in Table 1,A.
] The OHFAME from the LPS-lipid A of the lipid extracted residue of the
isolated monocultures and the test and environmental samples are given in
Table 1, B, The similarity in the patterns of proportions of FAME and OHFAME

from the monocultures, biotest samples, and corroded sewer sample indicate

that the acid producing thiobacilli are a prominent part of the microflora in

both the biotest and sewer samples. The low proportions of the usual
bacterial PLFA such as 16:0, :1w9€, the elevated proportions of cyl7:0w(7, 8)
and especially .the "thiobacillic' acid cyl9:0w(7,8) in the extractable polar lipid

o
FAME, the 27\3—0Hl6:0 in the ornithine-lipid, and the high proportion of OHFAME

ard
in the PLFA as well as the high proportion of 2'N3—0H16:0 in the LPS lipid A
are typical of the acid producing thiobacilli. Hydroxy cyclopropane fatty
acids found in both the extractable polar lipids and the LPS lipid A are typical

of the acid producing thiobacilli(ﬁqj

Detection of T. thiooxidans

The elevated proportionsb;} %LOHIA:O, 2-0H16:0, and particularly 1-
OHcyl19:0, the high OHFAME/FAME ratio in the extractable polar lipids of the
biotest chamber and environmental samples together with the high proportions of
3-0H14:0 and 2, 3-OH19:0 suggest that T. thiooxidans is a predominant member
of the microbial consortia in the enviroameutal samples. The higher proportions
of 3-0H12:0 in both the biotest sample and the environmental samples and
T. intermedius and T. neapolitanus than in the T, thiooxidans

monoculture indicate that the other thiobacilli are also part of the community.




DISCUSSION

Signature PLFA

It has been possible to utilize the signature lipid biomarker technique
to detect specific microorganisms in complex environmental samples. Methane

oxidizing auxotrophs contain PLFA that are sufficiently unusual that they can

be utilized as biomarkers {l1]. Exposure of columns of sub-surface soil to

natural gas results in a great increase in the specific PLFA of type II

|
methylotrophs [13]. The methanogenic archaebacteria contain bi- and
bidiphytanyl glycerol ether polar lipids which can be assayed in }

environmental samples and correlated with methanogenic activity in soils and

sediments [7, 8]). The pathogenic bacteria Francisella tularensis and the

sulfate-reducing bacterial groups of lactate-utilizing Desulfovibrio and

acetate-utilizing Desulfobacter have been shown to contain sufficiently

unusual patterns of PLFA to allow their assessment in mixed microbial
assemblies [l, 2, 10])., The iéé;;dibje diversity of unusual PLFA in the acid
producing thiobacilli allows their detection in environmental samples (Table
1). K?;th samples to allow replication the species differences detected in
monocultures [4, Table 1] can give insight into the community structure of
these organisms as well as into the other physiological groups of organisms

Lo\t
present [6, 91) Patterns of PLFA define the community structure of microbial

! |
consortia have been utilized to show detrital succession, the effects disturbance
~

. o\ . . . .
or predatxon'}n—marxne sediments, the response to subsurface aquifer pollution,
in environmental effects testing, and Eﬂ the effects of shifts in the
microbiota biofouling succession and facilitation of corrosion [18, 19-21].

Metabolic status B ( \\

Many bacteria accumulate ci;}Opropane fatty acids as the community ages

or undergoes nutritional stress. Their formation with the concomitant

decrease in monoenoic PLFA occurs in monocultures that undergo metabolic




-

oY

- . - -

o’y

- “ant

- >

L)
o

GO0 DU Qi AT 0 B OB OO b 0Ny
"'¢“'.~ % '7’*;,’ I LA 'x’l AN I-..‘Q ‘.0 ) ‘.... ..’:».-"_‘t‘..'l ‘..'O » ‘\' &b !’ s k) !| ut"la' L

stress such as stationary phase growth [3, 5). This same phenomenon has
been detected in the benthic marine microbiota [3, 21]) as well as the acid
producing thiobacilli [4], The acid producing thiobacilli from the

chamber samples or from the degenerating concrete sewers both show the high
JLF

levels of cyclopropane/Qand low levels of monoenoic PLFA charactgri?ﬁtic of

late stationary growth phase.

Role of acid producing thiobacilli in biodegradations

The correlation between the degree of biodeterioration of concrete and the
activity of acid producing thiobacilli has been shown using classical
recovery and culture techniques [9, 16, 17]. The studies reported in this
paper indicate that the PLFA patterns are sufficiently unique to define the
presence of the acid producing thiobacilli and possibly define the particular
species that are present without the uncertainties and time delays of

\‘pT Upoj\'b" 16 .

cultural methods. In addition the PLFA\offer insigh?‘\into the community

structure and metabolic status of the total microbial community associated

~

with the biodegradations of materials that involve these organisms,
Preliminary evidence from both corroding sewer systems and from a continuous
culture apparatus designed to test the resistance of concrete samples to the
corrosive activities of acid producing bacteria shows that the degree of
biodegradation appears to correlate with the presence of "signature'" PLFA of
the acid producing thiobacilli, particularly T, thiooxidans [9, 16, 17]. The
methodology described herein will allow examination of an entire microbial
ecosystem so the interactions between the acid producing thiobacilli and the

other organisms that potentiate their corrosive activities can be defined

(6].

-

SRR TN NN
o [) X R y o

¥ W,

6
&

Y oy Y

VAN




R R T L il Snta s

ACKNOWLEDGEMNETS

This research was supported by contracts NOOOI4-82-C0404 and N0OOO14-83-
K0056 from the Depaftment of the Navy, Office of Naval Research. The
analysis nf the mass spectra was made possible by the generous gift of the

Hewlett Packard HP-1000 RTE-6/VM data system for the HP 5996A GC/MS system,

REFERENCES

1. Dowling, N. J. E., F. Widdel and D, C. White. 1986. Phospholipid
ester—-linked fatty acid biomarkers of acetate-oxidizing sulfate
reducers and other sulfide forming bacteria. J. Gen. Microbiol. 132: ,

2, Edlund, A., P. D, Nichols, R. Roffey and D, C., White. 1985,

Extractable and lipopolysaccharide fatty acid and hydroxy acid

profiles from Desulfovibrio species. J. Lipid Res. 26: 982-988,

3. Guckert, J. B., M. A, Hood, and D. C. White. 1986, Phospholipid, ester-
linked fatty acid profile changes during nutrient deprivation of

Vibrio cholerae: increases in the trans/cis ratio and proportions

of cyclopropyl fatty acids. Appl. Environ. Microbiol. 52:.
4, Kerger, B. D,, P, D, Nichols, C. P, Antworth, W. Sand, E, Bock, J. C.
Cox, T. A. Langworthy and D. C. White. 1986. Signature fatty acids in

the polar lipids of acid producing Thiobacillus spp.: methoxy,

cyclopropyl, alpha-hydroxy-cyclopropyl and branched and normal monoenoic
fatty acids. F. E. M. S. Microbiol, Ecology 32:.
5. Knivett, V. A. and J. Cullen. (1965) Some factors affecting cyclopropane

acid formation in Escherichia coli, Biochem. J. 96: 771-776,

6. Kuenen, J. G., L.A. Robertson, and H, van Gemerden. (1985) Microbial

interactions among aerobic and anaerobic sulfur-oxidizing bacteria, Adv.

Microbial Ecol. 8: 1-60.

12




M 7. Martz, R. F., D. I. Sebacher, and D. C. White. 1983, Biomass measurement

of methane forming bacteria in environmental samples. J. Microbiol.

;i: Methods 1: 53-61.

%; 8. Mancuso, C. A., P. D. Nichols and D. C. White. 1986, A method for the
5 separation and characterization of archaebacterial sigrature ether

g% - lipids., J. Lipid Res. 27: 49-56.

'* 9. Milde, K., W. Sand, W. Wolff, and E. Bock. (1983) Thiobacilli of

. corroded concrete walls of the Hamburg sewer system, J. Gen. Microbiol.
;: 129: 1327-1333,

%E 10, Nichols, P. D., W. R. Mayberry, C. P. Antworth and D. C. White. 1985,
N Determination of monounsaturated double bond position and geometry in
;3 the cellular fatty acids of the pathogenic bacterium Francisella tularensis.
;f J. Clin, Microbiol. 21: 738-740,

44 11. Nichols, P. D., G. A. Smith, C. P. Antworth, R. S. Hanson and D. C,

é’ White. 1985. Phospholipid and lipopolysaccharide normal and hydroxy

é. o fatty acids as potential signatures for the methane-oxidizing bacteria.
£y

o F. E. M. S. Microbiol. Ecology 31: 327-335.

:& - 12, Nichols, P. D., J. B. Guckert, and D, C. White. 1986, Determination of
L) :

$ ‘ monounsaturated fatty acid double-bond position and geometry for

Ny

. microbial monocultures and complex consortia by capillary GC-MS of

bl their dimethyl disulphide adducts. J. Microbiol, Methods 5: 49-55,

X .

h. 13, Nichols, P. D., J. M. Henson, C. P. Antworth, J. Parsons, J. T. Wilson

) and D, C, White. 1986. Detection of a microbial consortium including

U

é{ type 1I methanotrophse by use of phospholipid fatty acide in an aerobic
t. halogenated hydrocarbon-degrading soil column enriched with natural

B gas, Environ. Toxicol. Chem. 5:.

E?- 14, Parker, C. D. 1945, The corrosion of concrete, I. The isolation of a

5‘ species of bacterium associated with the corraosion of concrete exposed to
A

E:* 13

e TV Th Ny TR TR T e
TR N Y, gt O

e e
A.’.

BT B B N IO T o o
3 ity vy LR HE R e he Bt



?% atmospheres containing hydrogen sulphide. Aust. J. Exptl. Biol. Med.
W Sci. 23: 81-90.
»?!x
0y
v;iz 15. parker, J. H., G. A. Smith, H. L. Fredrickson, J. R. Vestal and D. C.
1).‘
ﬁ"g
*ﬁq White. 1982, Sensitive assay, based on hydroxy-fatty acids from
“i , lipopolysaccharide lipid A for gram negative bacteria in sediments.
":‘Q
i Appl. Environ. Microbiol. 44: 1170-1177.
R
Myl
e 16. Sand, W. and E. Bock. 1984. Concrete corrosion in the Hamburg sewer
. system, Environm. Technol. Let. 5: 517-528.
iR
oy C e
pﬁf 17. Sand, W., E. Bock, and D.C. White. 1984. Role of sulfur-oxidizing
Ln
ay
ﬁﬂ} bacteria in the degradation of concrete, Corrosion 84, National
s Association of Corrosion Engineers, Houston, Texas, p. 1-13.
}21‘0
AR
‘iﬂ 18. Smith, G. A., J. S. Nickels, B. D. Kerger, J. D. Davis, S. P. Collins,
%& J. T. Wilson, J. F. McNabb and D. C. White. 1986. Quantitative
[
oy characterization of microbial biomass and community structure in
ettt
W
)
}5’ subsurface material: A prokaryotic consortium responsive to organic
‘
%
A . . . .
\b contamination. Canad, J. Microbiol. 32: 104-111.
‘?J‘
i 19. White, D. C. 1983. Analysis of microorganisms in terms of quantity and
)
iy
?ﬂ activity in natural environments. IN Microbes in their natural
'
A
fﬁ' environments, J. H. Slater, R. Whittenbury and J. W. T. Wimpenny
Ay
- (eds.) Society for General Microbiology Symposium 34: 37-66.
E‘g"
gﬂ- 20. White, D. C. 1984, Chemical characterization of films. Microbial
b
¥
gﬂ; Adhesion and Aggregation K. C. Marshall,(ed.) pp. 159-176, Dahlem
'l‘.'
T Konferenzen Life Sciences Research Report 31, Springer-Verlag,
s _
;ii Berlin, and New York.
HA
sg” 21. White, D. C. 1986. Environmental effects testing with quantitative
D -
?
. microbial analysis: Chemical signatures correlated with in situ biofilm
L.‘ —_—— — s
b
¥
kz' analysis by FT/IR. Toxicology Assessment |: 3y 3§
58
340
Sy
-~ 14
B
y

- -« ~ar U r Gy - »
» . 2 7 I L PP LGPk I AL o Lo LR DN
i't'ld!i‘:’": ‘.l“‘! ’l JL"‘!‘:‘:“!I ’h ','C M A R e - d"‘"‘h " i..l Lt c"l' WY l'hﬁ.n d&" " C? IR oY WhLH




22. White, D. C., W. M. Davis, J. S. Nickels, J. D. King, and R. J. Bobbie
1979. Determination of the sedimentary microbial biomass by

extractible lipid phosphate, Oecologia 40: S1-62.

+

W, P LR \ Th IS YRR ST Y \;_-.:,,\;‘..’
9 : Ay *"' N IR

e ARSI W0 T > OO T \‘5"‘ 1
RN IO IR T T Tt D A RCC MO o K o XN



e |

-
. -
L .

Detection of a Microbial Consortium Including Type II Methanotrophs
by Use of Phospholipild Fatty Acids in an Aerobic Halogenated
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ABSTRACT

The phospholipid ester-liunked normal and lipopolysaccharide hydroxy
fatty acids from microbes in a halogenated hydrocarbon-degrading (HHD) soil
column have been analyzed in detail with capillary gas chromatography-mass
spectrometry (GC-MS). An increase in microbial biomass was observed when
the HHD column was compared to a control azide-inhibited column and to
uncontaminated surface soil. Biomass estimates for the Qpper 10 cm of the
HHD column averaged 5.6 x 109 cells/g (dry weight) of sediment based on
phospholipid fatty acids (PLFA). Microbial community structure information
was obtained following GC-MS analysis of derivatized monounsaturated PLFA,
The major component (16-28% of the PLFA) detected in the HHD soil column
was 18:1410c. This relatively novel fatty acid has been previously reported
as a major component in methanotrophs and its presence in the soll is
consistent with a large contribution of this microbfal metabolic group to

the column flora. The high relative proportions of C . components relative

18
to C16 fatty acids indicates that type 11 rather than type I methanotrophs
are the most abundant microbial flora present. Other microbial groups

recognized in the HHD soil column, in decreasing order of abundance, were

Actinomycetes, the sulphate-reducing bacteria Desulfovibrio spp., and

microeukaryotes. Differences between the relative proportions of these
metabolic groups of microorganisms have been quantified and contrasted
between the solls analyzed. Based on these differences, the potential
exists to use these methods for monitoring shifts in microbial biomass and

commurity structure in aquifers in which similar {ndigenous bacteria are

stimulated to biotranaform pollutant substrates.
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INTRODUCTION

Bacteria capable of growth with methane as the sole carbou aund energy
source are known as methanotrophs (1, 17). The physiology and ecology of
methanotrophic bacteria are described in recent reviews (1, 6, 16, 17, 18,
20, 29, 34). Methane monooxygenase (MMO) is used by these bacteria to
oxidize methane to methanol (1, 16, 17). MMO i{s also capable of producing
primary or secondary alcohols upon oxidation of alkanes up to octane (7,
30) and, in addition, can oxidize halogenated one-carbon coﬁpounds (7).
Halogenated one- and two-carbon compounds are commonly detected in contami-
nated subsurface environments and ground water (30). Wilson and Wilson
(42) used natural gas to enrich a population of bacteria in soil capable of
degrading trichloroethylene (TCE). TCE was degraded to carbon dioxide in
the presence of natural gas (777 methane, 107 ethane, 77 propane, remainder
contained 4 to 7 hydrocarbons; 42). 1t appears, therefore, that methano-
trophic bacteria may be useful in the removal of halogenated one- or
two-carbon compounds from contaminated environments (unpublished data). An
estimate of their biomass in natural systems would thus be useful {in
optimizing conditions for their growth and activity. Prior to this study,
methods for the direct measurements of methanotrophic bacteria in micro-
cosms or field samples did not exist,

Methanotrophic bacteria are grouped into two divisions, types I and
II, based on differences in intracytoplasmic membrane organization and
carbon metabolism (1, 17). Analysis of cellular fatty acid profiles has
become a standard tool in chemotaxonomy (14). Type I methanotrophic
bacteria contain esterified fatty acids, predominantly 16 carbons in
length, with saturated (16:0) and monounsaturated (16:1) fatty aclds

present (22, 34). Type II methanotrophic bacteria have monounsaturated
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{ 18-carbon chain-length (18:1) fatty acids as the predominant PLFA (22, 34).
Fatty acids are used as biomarkers or signature 1ip1ds.1n microbial ecology
and often provide valuable information on the structure of the microbial
community (38). If membrane fatty acids are to be used as biomarkers by
taxonomists, ecologists, and geochemists, precise determination of double-
bond positions and geometry will be essential for correct interpretation of
increasingly complex data sets. A number of relatively simple and rapid
procedures have recently been reported that allow such determinations to be
routinely performed (eg. 8). The difference in carbon chain length and,

0N more importantly, position and geometry of unsaturation (22, 24) suggest
that the results of analysis of extractable phospholipid fatty acids (PLFA)
from an ecosystem would indicate the presence or absence of methanotrophic

. bacteria. Similarly, PLFA profiles may be useful for characterizing other

microbial groups, capable of degrading short-chain hydrocarbon, present in
soils.

The phospholipid ester-linked and lipopolysaccharide (LPS) normal and
hydroxy fatty acld profiles of sediment from a manipulated halogenated
hydrocarbon-degrading (HHD) soil column are reported here. The overall aim
' of this study 18 to 1identify specific lipid components that can be used to
w4

monitor for methanotrophic bacteria. These lipid biomarkers can be used
for interpretation not only of the manipulated laboratory microcosms

. analyzed here but also of samples taken from field experiments.




1 MATERIALS AND METHODS

?ﬂ? Soll and column description

e

éé;, The column was éessentially as previously described (40, 42). The soil
Wy

h:: sampled was taken from Lincoln fine sand (a mixed, thermic typic

ﬁé; Ustifluvent) at a site near Ada, OK. The soil was collected in 10-cm

g%g increments, returned rapidly to the laboratory, and packed into glass

R columns 5 cm I.D. x 150 cm before it could lose significant moisture. Each

o 10-cm increment was packed in the same relative position it occupied in the
é%? original soil profile. The average bulk density of the columns was 1.65
Riph
Ei& g/cma. The saturated hydrolic consistency ranged from 120 to 190 cm/day.
ldf The columns received 21 cm3/day of tap water from Ada, Ok., amended with
et
ié%; the suite of organic compounds decribed below. One column (A) was exposed
ggt to a headspace of 0.6Z natural gas in air and received the following
@iﬁé halogenated hydrocarbons, concentrations in pg/l: carbon tetrachloride,
gﬁg 1100; chloroform, 210; dichloromethane, 270; tetrachloroethylene, 700; tri-
?;g chloroethylene, 1000; cis- and trans-1,2-dichloroethylene, 170, 190;
Qﬁﬂ 1,1,1-trichloroethane, 210; 1,1,2-trichloroethane, 290; 1,l-dichloroethane,
%ﬁ% 2403 1,2-dichloroethane, 280; and 1,2-dibromoethane (ethylene dibromide),
%ﬁ? 370. Only trichloroethylene was studied in a previous report on the soil
‘5; column exposed to methane (42). Complete results of the degradation of
‘£%§ these compounds will be reported separately (J. M. Henson, J. W. Cochran,
ﬁ%g and J. T. Wilson, manuscript submitted). Approximately 50% or less of
. carbon tetrachloride, tetrachloroethylene, 1,1,l-trichloroethane, and
%%E 1,1,2~-trichloroethane were microbially transformed, and greater than 757 of
2K
??é; each of the other compounds were similarly transformed. The second column
Liﬁ (B) was inhibited by addition of 0.1%Z sodium azide to the water. The
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poisoned column was not exposed to natural gas. After three months of
operation at 24-29°C, the columns were unpacked, and increments were
lyophilized prior to lipid extraction. Control samples (0-10 cm and
148-150 cm) were acquired at a later date (in early summer rather than late
fall) from the same site and were lyophilized as above. For samples from
both depths, pH ranged from 6.6 to 6.1, cation exchange capacity from 4.8
to 2.3 meq/100 gms, sand from 95 to 897, silt from 8.8 to 4.0Z, and clay
from 3.5 to 1.5%. Organic carbon contents of the 0-10 cm and 140-150 cm
were 0.20 to 0.22%Z and 0.02X respectively.

Lipid extraction and fractionation

Soil samples were placed in a 250-ml separatory funnel, and the lipids
were quantitatively extracted with the modified one-phase chloroform
methanol Bligh and Dyer extraction (39). After separation of phases, the
lipids were recovered in the chloroform layer, the solvents removed in
vacuo, and the lipids stored under nitrogen at -20°C. Duplicate extrac-—
tions of each sediment sample were performed.

The lipid was transferred in a minimum volume of chloroform to a
silicic acid column (Unisil, 100-200 mesh, Clarkson Chemical Co.,, Inc.,

Williamsport, PA) and fractionated into neutral lipids, glycolipids, and

phospholipids by elution with chloroform, acetone, and methanol respec-

tively (11, 15). The fractions were collected in test tubes fitted with

Teflon-lined, screw-cap lids and dried under a stream of nitrogen. The

mild alkaline methanolysis procedure (39) was applied to the phospholipid

fraction. The technique was modified slightly in that hexane:chloroform

:{z (4:1, v:v), rather than chloroform, was used to extract the resulting fatty

1
[}
Jﬁ acid methyl esters (FAME). LPS normal and hydroxy fatty acids were recovered ‘

by acidification of the sediment residue in 50 ml of IN HCl. After being
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refluxed at 100°C for 3 h and cooled, the contents were transferred to a
separatory funnel with washes of 25 ml and 2 x 5 ml of chloroform. The two
phases were allowed to separate overnight, the chloroform phase recovered,
and the solvent removed under a stream of nitrogen. The LPS fatty acids
were then methylated and converted to their corresponding trimethylsilyl
(TMS1) ethers with N,0-bis-(trimethylsilyl) trifluoroacetamide (Pierce
Chemical Co., Rockford, IL) (24).

Gas chromatography

FAME samples were taken up in hexane with methylnonadecanoate (19:0)
as the internal injection standard. Separation of individual normal and
hydroxy fatty acids was performed by high resolution gas chromatography
using a Hewlett Packard 5880A gas chromatograph equipped with a flame
fonization detector. Samples were injected at 50°C in the splitless mode
with a Hewlett Packard 7672 automatic sampler onto a non-polar cross-linked
methyl silicone capillary column (50 m x 0.2 mm i.d., Hewlett Packard).
The oven was temperature programmed from 50 to 160°C at 10°C per minute,
then at 2°C per minute to 300°C. Hydrogen was used as the carrier gas (1
ml/minute). The injector and detector were maintained at 300°C.

Tentative peak identification, prior to GC-MS analysis, was based on
comparison of retention times with those obtained for standards from
Supelco Inc. (Bellefonte, PA) and Applied Science Laboratoyies Inc. (State
College, PA) and previously identified laboratory standards. Peak areas
were quantified with a Hewlett Packard 3350 series programmable laboratory
data system operated in an internal standard program. Fatty acid composi-
tional data reported for these samples are the means of two analyses each.
Standard deviations for individual fatty acids were generally in the range

0-30%, typically <107.
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Gas chromatography-mass spectrometry (GC-MS)

GC-MS analyses were performed on a Hewlett Packard 5996A system fitted
with a direct capillary inlet. The same column type described above was
used for analyses. Samples were Injected in the splitless mode at 100°C
with a 0.5-minute venting time, after which the oven temperature was
programmed to 300°C at either 3 or 4°C per minute. Helium was used as the
carrier gas. MS operating parameters were: electron multiplier between
1300 and 1400 volts, transfer line 300°C, source and analyser 250°C,
autotune file DFTPP normalized, optics tuned at m/z 502, electron impact
energy 70 eV. Mass spectral data were acquired and processed with a
Hewlett Packard RTE-6/VM data system.

Determination of fatty acid double-bond configuration

The dimethyldisulfide (DMDS) adducts of monounsaturated FAME

were formed, by the method described by Dunkelblum et al. (8), to locate
the double-bond positions. Samples in hexane (50 ul) were treated with 100
ul DMDS (gold label, Aldrich Chemical Co. Milwaukee, WI) and 1-2 drops of
iodine solution (6.07 w:v in diethyl ether). The reaction took place in a
standard GC vial (Varian Pty. Ltd., Sunnyvale, CA) fitted with a teflon-
lined screw-cap lid. After reaction at 50°C in a GC oven for 48 hours, the
mixture was cooled and diluted with hexane (200 ul). Ilodine was removed by
shaking with 5% (w:v) aqueous Nazszo3 (100 pl). The organic layer was
removed, and the aqueous layer reextracted with hexane:chloroform (4:1,
viv). The combined organic layers were concentrated under a stream of

[\t nitrogen prior to subsequent GC analysis. GC-MS analysis 6f the DMDS

adducts showed major ions attributable to fragmentation between the CH3S

e groups at the original site of unsaturation. Discrimination between cis

e and trans geometry in the original monounsaturated FAME 1is possible. The
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erythro isomer (originally the trans fatty acid) elutes after the threo
isomer (originally the cis fatty acid). The different positional isomers
of the same geometry were chromatographically separated -under the condi-
tions used in this study.

Fatty acid nomenclature

Fatty acids are designated by total number of carbon atoms : number of
double bonds, followed by the position of the double bond from the
a(carboxylic) end of the molecule. The suffixes ¢ and t indicate cis and
trans geometry. The prefixes i and a refer to iso and anteiso branching
respectively, and the prefix OH indicates a hydroxy group at the position
indicated. Other methyl-branching is indicated as position of the
additional methyl carbon from the carboxylic acid (A) end, i.e. 10 methyl
16:0. Cyclopropane fatty acids are designated with the prefix cy, with the

ring position relative to the carboxylic end of the molecule in parentheses.
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RESULTS

Phospholipid ester-linked fatty acid (PLFA) biomass estimates

The PLFA concentration data (Table 1) was converted into number of
cells per gram of sediment by means of the following approximations (39):
5.9 x 1012 bacteria/g (dry weight of cells) with an average methanotroph
containing 57 umoles PLFA/g (dry weight; 24). Bilomass estimates of 5.6 x

10? (range 4.1 x 10° - 7.7 x 10%), 9.3 x 108, and 2.4 x 10°

cells/g (dry
weight) were determined for the upper 10 cm of the methane enrichment
column (column A), the azide-inhibited column (column B), and the untreated
control surface soll respectively (Table 1). Sediment taken from the
bottom (148-~150 cm) of the two columns contained at least two orders of

magnitude less biomass than the upper layers in each column,

Fatty acid profiles

A total of 40 normal phospholipid ester-linked fatty acids were
positively identified in the columns and soll samples (Table 2). Sixteen
monounsaturated components were present, and characteristic ion fragments

of the derivatized products formed by reaction with DMDS are shown in Table

3. Interpretation of these data provided the primary information for
assignment of double-bond position and geometry.

A number of features were apparent when the fatty acid profiles were
compared (Table 2): (1) Several relatively novel monounsaturated fatty
acids, 16:1A8c, 16:1410c, and 18:1A10c, were present in the methane-enriched {
HHD samples (column A), but absent in column B and the surface soil sample,

XE The latter fatty acid was the major component in all methane-exposed column
i A samples from 2-10 cm and showed an increase with depth relative to the

Loty more common bacterial component 18:1Allc (28) (Figure 1). (ii) A series of
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10 methyl branched fatty acids was detected in all 0-10 cm samples. A
higher relative abundance of these components occurred in column B and
control sofl than in soil from column A. (i1i) The combined relative
levels of 16:0 and 16:1 isomers and 18:0 and 18:1 isomers showed minor
changes within the upper 10 cm of column A. The sum of the Cl8 components
was generally 1.5 to 2 times that of the C]6 fatty acids in these samples
(Figure 2). In contrast, both the surface soil and azide-inhibited control
column (B) contained higher relative proportions of the C16 fatty acids.
(1iv) C18 and C20 polyunsaturated fatty acids (PUFA) were detected in all
samples from the upper 10 cm. The untreated surface sediment control
contained the highest relative level of 18:2A9, whereas the C20 PUFA,
20:445 and 20:5A5, were present at similar relative levels in column A and
the surface sediment. The latter two components were not detected in soil
from the bottom of column A and were at a reduced relative level in column
B soil. (v) Cyclopropyl fatty acids, cyl7:0 and cyl9:0, were detected 1in
all samples, with the highest relative proportions present in the nonhalo-
genated hydrocarbon-degrading samples. (vi) A series of saturated FAME,
tentatively identified as dimethyl branched components, were detected in
all samples. These components are included with the designation other
components 1n Table 2.

Hydroxy fatty acids

The LPS hydroxy fatty acid composftion for samples from the methane-
enriched HHUD column A are presented in Table 4. A total of seven
B-0OH acids were detected with even-carbon numbered components predomi-
nating. B-0H 14:0, B-0OH 16:0, and R-0H 18:0 generally accounted for approxi-

mately 80Z of the total OH acld content, Diffcrences were apparent in the

relative levels of these three components,




DISCUSSION

Biomass

Bacterial biomass assessments for untreated surface soil (0-10 cm) and
the top 10 cm from both the methane-enriched HHD soil column (A) and the
azide-inhibited column (B) were close to values obtained at the closely
related Lula, Oklahoma site by the acridine orange direct count method
(AODC; 7.0-8.2 x 108 cells/g wet weight; Balkwill, personal communication).
These findings confirm the validity of the use of PLFA as a biomass assess-
ment tool, as has been previously reported for estuarine and benthic marine
sediments (38).

Relative to untreated surface soil, the microbial biomass was 2.3
times higher and 2.6 times lower for soil from the top 10 cm of the HHD
columns and control azide-fed respectively. These cell number estimates

are considerably higher than those reported for the AODC method for three

shallow aquifers in Oklahoma (2.9-9.8 x 106 cells/g dry weight; 2, 41),

McCarty and co-workers (5, 23) and others (27, 42) have previously reported
that biotransformation rates may be increased through the stimulation of
indigenous bacteria by injection of a suitable primary substrate and
required nutrients. The data presented here are in accord with this view
and suggest that the degradation of short-chain halogenated hydrocarbons 1is
accompanied by an increase in microbial biomass. Smith et al. (31) showed
the bacterial biomass, estimated from extractable phospholipid, increased
significantly in subsurface sediments in the recovered Vadose layer at

sites polluted with creosote waste.
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Fattz aclids

It is recognized that certain fatty acids are specific to bacteria and
that different groups of bacteria can have different fatty acid composi-
tions (14, 21). As a result, PLFA profiles have been used previocusly to
determine microbial community structure (3, 12, 13, 15, 26, 36, 38).
Differences observed for complex environmental samples have been subdivided
through a bacterial chemotype approach, however, it is clearly of more use
to obtain information on the proportions of metabolic groups within an
environment. At the present time an increasing proportion of complex
microbial consortia and environmental samples can be rationalized in terms
of their fatty acid profiles into metabolic subgroups when detailed analysis,
including determination of double-bond configuration and position, is
performed. The fatty acid profiles obtained in this study will be
discussed from this standpoint.

Methanotrophs

The most significant feature, when fatty acid profiles of the methane-
enriched HHD soil samples (column A) are compared to the control column (B)
and control untreated surface soil, is the presence of the’relatively novel
monounsaturated components 18:1410c, 16:1A8c and 16:1A10c. These fatty
acids were absent in the non~HHD samples. Amounts of the former component
increased with depth (Figure 1), constituting 287 of the PLFA at 8-10 cm in
methane-enriched column A. The acid 18:1410c has only been reported as a

major component in methanotrophic bacteria, including Methylosinus trichosporium

(22, 24). This component (18:1A10c) constituted ~507 of the total PLFA in

M. trichosporium and 37% and 51% of the total PLFA in two related unclassified

methanotrophs. Thus, from the data obtained for M. trichosporium, it can
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be calculated that this bacterium or related bacteria account for between
32% and 56% of the total microbial biomass in the HHD soil column (A). As
this novel signature fatty acid was below detection in both untreated
control surface soil and soil from the control column (B), these data
indicate that a significant change in the community structure has occurred
in the HHD soil column relative to the other soils analyzed.

The second most abundant component detected in the methane-enriched
column (A), 18:14llc, was detected by Makula (22) as a minor component (11%
to 187 of the total PLFA) in type 1I methanotrophs. In our analysis of the
PLFA of four methanotrophs (24), 18:1allc was the dominant component

(84—-89% of the total PLFA) in two strains of the type II methanotroph

Methylobacterium organophilum. Thus, 1t appears that M. organophilum or

related type II methanotrophs may also contribute a substantial proportion
of this fatty acid and the overall microbial biomass in the HHD soil column
(A). This acid (18:1allc) is the most commonly detected bacterial C18
monounsaturated fatty acid in many environments (12, 13, 15), and thus
sources additional to type II methanotrophic bacteria may also be possible.
At the present time, however, the significant increases in both the absolute
and relative proportions of 18:1Allc, when the methane-enriched HHD soil
column (A) is compared to the control column and untreated surface soil,

are consistent with a large increase in the biomass of M. organophilum or

related type II methanotrophs.
The 018 monounsaturated fatty acids discussed in detail above are
found in type II methanotrophs (24, 34), whereas C16 components predominate

in type I methanotrophs such as Methylomonas spp. The greater proportion

of C18 fatty acids in all samples from the upper 10 cm of the methane-
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enriched HHD soil column (A) (Figure 2), thus, indicétes that type 11
methanotrophs are more abundant than type I organisms.

Precise determination of double~-bond location and geometry has enabled
the clear distinction of signature fatty acids specific to methanotrophic
bacteria to be performed. These data represent another example of the
application of such chemical procedures to laboratory and environmental
samples and the method can enable methanotrophic biomass to be monitored.
Such methods, in many instauces, provide information essential to the
correct interpretation of increasingly complex data sets. In addition to
the large community of methanotrophic bacteria, in the methane-enriched

column (A), other microbial populations were also distinguished.

Actinomycetes

Actinomycetes are commonly found in soils and have been reported to
comprise 137 to 30X of the total microbial flora, depending on the season

of the year (37). Members of Arthrobacter, Nocardioides, and other genera

contain a number of 10-methyl fatty acids: 10 methyl 18:0 (tuberculosteric
acid), 10 methyl 17:0, and 10 methyl 16:0 (25). Similarly, cyclopropane
fatty acids were detected only in Actinomyces (19). |
The presence of a series of 10 methyl branched fatty acids in all
upper-10-cm soil samples analysed in this study (Table 3) is thus consis-
tent with the presence of members of the Actinomycetes. The relative
proportion of these components is significantly lower in the methane-

enriched HHD goil column (A) than in either the column (B) or the untreated

— surface soil. A 20% contribution of the total PLFA in the HHD soil column

ﬁs: is due to the 10 methyl branched fatty acid-containing Actinomycetes,

2§? according to calculations similar to those given above for monitoring

v methanotroph biomass and average Actinomyces fatty acid compositional data
&m
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(25). A higher contribution, 507 of the total PLFA, occurred in the
control column (B) and untreated surface soil.
These calculations may represent an overestimation of this group of

organisms, as it has recently been reported that Desulfobacter spp. also

contain 10Mel6:0 (33)., Desulfobacter spp. typically contain low propor-

tions of the longer chain homologues, 10Mel7:0 and 10Mel8:0. Thus, 1t
seems reasonable to assume that a large proportion of the 10 methyl fatty
acids are due to members of the Actinomycetes.

Other microbial groups

A number of fatty acids, reported in sulphate-reducing bacteria (4, 9,
33), were present in all samples (Table 3). The branched chain monoenoic

fatty acids, 117:149c and 115:1A9c, are common to Desulfovibrio spp. (4,

9), and 10 methyl 16:0 is a major component in Desulfobacter as noted

above, Iso 17:1A9c has also been detected recently in several Flexibacter

(unpublished data). In the Flexibacter analyzed, 117:141l1 was also present
in proportions similar to those of 117:149c. As 117:1all was not detected
in this study the contribution from Flexibacter is probably minimal. If it

18 assumed that all the 117:149c detected can be attributed to Desulfovibrio

spp., then this bacterial group contributes approximately 5Z, 8Z, and 10%
of the total PLFA in the methane-enriched HHD soil column(A), the control
column(B) and untreated surface soil, respectively.

It has been reported that certain atypical bacteria produce large

amounts of branched-chain monoenoic acids (13). Other than for Desulfovibrio

a .
spp., 117:149¢ 1is not normallyldominant component. At the present time
and based on the current literature, it has been assumed for the calcu-

lations above that Desulfovibrio spp. is the sole source of 117:1a9c.
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?&g( Further studies are planned, including the analysis of PLFA from bacteria
ﬁ&? isolated from untreated surface soil, to clarify this point.
:$$§ A minor contribution from eukaryotic organisms 1is occurring in all

"
%:‘: surface samples, as the Cyo PUFA 20:445 and 20:545 are specific to eukar-
o yotes (3, 10, 36).
Egﬁi LPS hydroxy fatty acids
55% Even carbon-numbered g-OH acids dominated the hydroxy acid profile for
%gﬁs the methane-enriched HHD soil column (Table 4). Differences occurring in
Sﬁi, the upper 10 cm of the column can be rationalized as due to variations in
ﬁ?g the microbial, in particular methanotropic, community structure. The three
‘
g*f major components, g-OH 14:0, g-OH 16:0, and g-OH 18:0, were the only
t"k components detected in four methanotrophs (24). These data add further

%S supporting evidence to the view, based on the ester-linked PLFA profiles,
gﬁ; that methanotrophic bacteria constitute a major proportion of the microbial
B biomass in the methane-enriched HHD soil column.
}:% The PLFA and LPS hydroxy acid profiles reported have enabled the
%ﬁﬁ: microbial biomass in a methane-enriched soil column and related control
;5$§ samples to be determined. Bacterial numbers, calculated using factors
kg? derived from bacterial monocultures (24, 39, Nichols et al., in press),
ak; were similar to those reported recently by the AODC method for closely
> related samples (2). These data thus validate the use of PLFA as a mecha-
S
&{f nism for determining microbial biomass in soil. More importantly,
ghy comparison of the PLFA prof%les, particularly when precise determination of
I;;. double-bond configuration is performed, has enabled bacterial community
.;EEE structure to be differentiated. The methane-enriched HHD column was found
{f% to be significantly higher in PLFA specific to type Il methanotrophs. A
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decrease in biomarkers for Actinomycetes and Desulfovibrio spp. was also

noted for the HHD soil relative to the other samples analysed.

Community structure information, as determined from PLFA, has provided
data on the effect of stimulating indigenous soil bacteria by addition of a
primary substrate and nutrients. The findings for this model system repre-
sent data that can be drawn upon as biotransformation processes similar to
the one described here are adapted to aquifers. Such a project is
presently underway in collaborative studies between our laboratories and

may help rationalize shifts in PLFA composition associated with pollution

in subsurface sediments.
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Table 1 Phospholipid ester-linked fatty acid content and estimated cell
numbers for sediment samples from a methane enriched halogenated

hydrocarbon-degrading column and related samples.

Sum of phospholipid
ester—-linked fatty acids

Sample nmoles/g (dry weight) Number of cells/ga

Column A (methane-enriched))

0-10 cm® 53.8 5.6 x 10°

148-150 cn® 0.61 6.3 x 10’
Column B (exposed to sodium azide)

0-10 cm® 8.93 9.3 x 108

’ c 6

148-150 cm 0.04 4,1 x 10
Untreated surface soilc 22.8- 2.4 x 109

——— e e e - ———

%: Determined using conversion factors described in text from White et al.

(14, 22), and Nichols et al. (24).

: Mean of 10 samples.

<. Mean of 2 samples.
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Table 2 Phospholipid normal ester-linked fatty acids from a methane-

enriched halogenated hydrocarbon-degrading sediment column and related

samples,
Percentage compositiona
Column A: Column B: Control
Fatty methane- azide-
acid enriched inhibited
0-2°  2-4 4-6 6-8 8-10 148-150 0-10
12:0 0.22 TRC TR R TR 1.4 b -
13:0 TR TR TR TR TR 1.2 - -
114:0 0.27 0.29  0.27 0.32 0.32 0.20 0.20
14:0 1.3 1.5 1.6 1.4 1.3 1.4 1.1 0.37
115:19 0.20 0.37 0.20  0.19 0.2 - TR R
115:0 2.5 2.9 2.7 2.8 3.0 2.6 5.4 5.9
al5:0 1.2 1.5 1.4 1.4 1.7 2.1 2.3 2.6
15:0 0.73  0.45  0.44 0.46 0.42 TR 0.68 0.53
116:149¢ 0.59 0.36  0.33 0.23 0.28 - 0.32 0.48
10Me15:0 0.20 0.19  0.15 0.16 0.14 - 0.31 0.29
116:0 2.1 1.5 2.1 1.5 1.6 3.7 3.8 3.8
16:1A7¢ 0.50 1.1 0.53 0.44 1.0 - TR 1.1
16:1a8¢ nagl  NAgQ 2.4 3.3 2.4 TR - -
16:149c 9.9 13.7 11.7 9.4 7.6 6.4 10.3 3.5
16:149t° 1.4 1.3 1.5 1.3 1.1 2.6 1.9 TR
16:1allc 2.7 4.3 5.0 4.4 4.4 2.3 5.3 5.1
16:1allc TR 0.35  0.13 0.10 TR - - -
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Table 2 (continued)

16:0 9.2

117:1A9¢ 0.8%

10Mel6:0 1.6
117:0 0.92
al7:0

cyl7:0

17:0

10Mel7:0

18:4A6,9,12,15
18:2A9,12

18:1A9c

18:1A10c

18:1411¢

18:1411¢

18:1A13¢

18:0 . 2.0
10Mel8:0 0.99
cyl9:0

20:475,8,11,14 1.4
20:5A5,8,11,14,17 0.2}
20:3

20:1Al11c

20:0

othemf

nmo.les/gg
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Table 2 (con't)

", Fotty acid composition Is expressed In terms of the percentage of the

total fatty aclds, l’: Depth fn cm from top of column, “: TR, trace <0.17.
d: Posftion of uwnsaturation not determined hecause of fnsufficient sample

materinl. Componeuts prescent coelute with 1 15:1a9c. “: 16:1A10c also

present In several column A samples, but not gquantified. r: Other compo-

nents include trace amounts (<0.1%) of l4:1 (3 fsomers), 15:1 (2 1somers)

|
and 17:1 9¢. B8 Dry weight basts, h: - not detected, + NAQ, present but

not accurately quantitated.
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Table 3 Monounsaturated fatty actds {rom a methane-enriched halogenated
hydrocarbon-degrading sediment coluwmn (A).» Gas chromatographice
retention data and characteristic fon fragments of derivatlzed
ptoductﬂ: formed by reaction of the fatty acids with
dimethyldisulphide (DMDS).
Fatty acid Rtn lon traments (m/z) of DMDS adducts
Mt m—lrnumentb A—lruumcntc
115:1¢ 17.79 _e - -
116:149c 19.74 - - 217
16:1a7¢d 20,34 - - -
16:148c 20.40 - 159 203
16:149¢c 20.44 362 145 217
16:14A9¢t 20.52 362 145 217
16:1410c 20.52 - 131 231
16:14allc 20,64 362 117 245 f
16:1al1t 20.77 362 1z 245 ‘
117:1A9c 21.69 - 159 2117
17:1A9c - - 159 217
18:14A9c 24,51 - 173 217
18:1A10c 24.57 390 159 231
18:1Al1c 24,064 390 145 245
.
ﬁg‘ 18:1AL1E 24.76 390 145 24
523 18:1A13c  24.86 390 17 271
o
o
i
‘4
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Retention time

w-Fragment indicates fragment including aliphatic end of the molecule.

Rag Wi
e
e

A-Fragment indicates fragment including carboxylic end of the molecule.

x
L]

Identification based on GC retention data alone.
— Not detected in GC-MS analysis because of insufficient sample

L*g materinl,

%
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e Table 4 Lipopolysaccharide (L.PS) pB-hydroxy acids from a methane-enriched

halogenated hydrocarbon-degrading sediment column (A).

) g-hydroxy Percentage composltlon"

acid 0-2 cm 2-4cm 4-6Hcm 6—-8cm 8-10cm 148-150cm

o B-OH 10:0 6.5 4.6 10.5 4.7 5.5 N
B-OH 12:0 15.9 10.8 11.8 16.0  10.9 TR

‘Yot g-0OH 13: UC TR TR TR TR 5.6 ND
oy B-OH 14:0  32.5 21.4 22.3  25.6  30.2 TR
B-OH 15: Oc TR TR TR TR 4.7 ND

! B-OH 16:0 21.9 35.0 30.3  33.0  29.4 TR
AN B-OH 18:0  23.1 33.1 25.1  20.7  13.5 TR

nmoles/g" 3.1 3.1 2.7 3.0 4.5 0.1

- a: B-OH acid composition {s expressed In terms of the total g-hydroxy acids.
b: Sediment depth (cm).
e ¢: DBranched component,

N d: Dry weight basis.
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- FIGURE LEGENDS
Figure 1. Ratio of major fatty aclds 18:1410c and 18:1Al)c versus sediment

f,: depth from a methane enriched halogenated hydrocarbon-degrading
soil colﬁmn (column A, without azide).

Figure 2. Relative proportions of (i) 16:0 and 16:1 isomers, closed
symbole, and (ii) 18:0 and 18:1 isomers, open symbols. Circles,
methane—euriched column A (halogenated hydrocarbon-degrading);
squarea, column B (exposed to sodlum azide); trinngles, untreated

o surface sediment.
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Environmental Effects Testing with Quantitative
Microbial Analysis: Chemical Signatures
Correlated with in situ Biofilm
Analysis by FIVI1R

DAVID C. WHITE, Center for Biomedical and Toxicological Re-
search 310 Nuclear Research Budding Florida State University
Tallahassee, FL

Abstract
Chemical measures for the biomass, conmmunily steucture, nutritional status, and
metabolic activities of the micrabiota have shown a remarkabde responsiveness (o
changes in the butk Quid physical and chemieal properties, the o
grndability, and microtopology of the surtaces, as well as biological Getors such as
Chemical noalysis of the micrabiota thacterin, alpae, tungi, protozon,
romelazon with their extracellotar praducts O Hmng in dinmeter) does not
requive quantitintive release of the organisms from surfaces or that Uhe organisms
arve able to form colonies in sulwultures. The sensitivity of the miccobiofa to chaoges
in their habitat suggests thal these chemieal measuves could provide o quantitative
method for environmental effects festing. Changes in the marine beanthic micro-
biota cxposure to xenabiotics at the uge/l level or oil and gas well-drilling fuids
demonstrate this sensitivity . These analvses do aot destroy the vital inteeactions
within microcolonices of mixed physislogical {ypes that characterize many envivon-
wents. The chemical measures are desteuctive. Non-destructive analysis of bio-
films of areas in the gize range of micracolonies by Fourier transtorming infrared
apectrometry may ultimately provide the most effective methad for environmental
cllecls testing.

istry, bide-

HYPOTHESIS

‘The basis of Lthis analysis assumes that the microbiota in a given
environment faithfully reflect their optimal habitat. It further
assumes that changes in the conditions of this habitat ave rapidly
and quantitatively revealed in the composition and activity of Lthe
microbiota. For convenience the term microbiota in this study
includes the prokaryotes and the eukaryoles such as algae, proto-
zoa, fungi, and micrometazoa that pass through a 0.5 mm mesh
sieve.

‘Toxicity Assessment: An International Quarterly Vol. 1, 315 IR (1986)
© 1986 John Wiley & Sons, Inc. CCC ORB4-8181/86/0015-24$04.00
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INTRODUCTION

The micrabiota form the base of the food chain in soils and sedi-
ments. Recent studies indicate that the planktonic bacterin in the

ocean may also represent a major leedstock to o large group of

microflagellate protozoa that are in turn the food source of larger
ciliate protozoa and zooplankton. ‘There is no question that the
microbiota represent the largest biomass of most environments.
There are environments such as the hypersaline salt Nats or hy-
drothermal springs or vents where microbes form the only bio-
logically active components. These microbes are preseat in barye
numbers. For example the bacterial biomass of surlace soits and
sediments from environments as diverse as tropical estuaries or
Antarctic marine sands is equivalent to greater than 10" cells the
size of Pscudomonas fluorescens per griun dry weight (White et al,
1984). Even such unlikely habitats as subsurface clay aguifer
sediments recovered from depths as great as 420 meters bhelow the
surface may contain the equivalent of 10° bacteria per gram dry
weight (White et al. 1983).

This microbial biomass can persist in a dormant state with
most of the individual organisms inactive for long periods or can
spring to activity so rapidly that it hecomes very diflicult to esti-
mate the native metabolic status. Fine-grained sediments often
contain abundant reduced carbon encrgy sources and nutrients,
but are limited in the concentration of terminal electron acceptors.
The addition of oxygen that may occur when labeled precursors are
added to Lthe sediments Lo estimate metabolic activilies can result

in a significant “disturbance artifact”. Such disturbance artilacls,

can be readily demonstrated by the incorporation of H4" 10, into
phospholipids (Moriarty et al. 1985). Findlay et al. (1985) have
developed a particularly sensitive measure of this disturbance by
comparing the ratio of '*C-ncetate incorporation into the prokary-
otic endogenous storage product poly beta-hydroxy alkanoate
(PHA) to phospholipid fatty acids (PLIFA). In both these studies the
onset of detectable increases in metabolic activity had occurred by
the time the firat sample could be taken.

There is a large and polentially active biomass of microhiota
in nearly every environment in which life can survive. There is
evidence that the community structure and metabolic activities of
these microbes reflect the microhabitats of these organisms (White
1986). It follows that the introduction of chemical contamination
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ENVIRONMENTAL EFFECTS TESTING BY FIAR/317

into microbial habitats should induce shifts in commmunity struc-
ture and metabolic activities that could provide excellent quanti-
tative microbial effects tests.

The Problem

Microbes (ound in environments present a complex problem for
assays. Even in the water column the classical methods of microbi-
ology that invelve the isolation and subsequent culturing of organ-
isms on petri plates can lead to gross underestimations of the
numbers of organisms detectable in direct counts of the same
waters (Jannasch and Jones 1959). With sediments and biofilms
the problems with classical methods are more severe. ln addition
to the problems of providing a universal growth medium in the
petri plate, the organisms must be quantitatively removed (rom
the surfaces and from each other. Direct microscopie methods that
require quantitative release of the bacteria from the biofijm can
have the problem of inconsistent removal from some surfnces.
High speed blending of sediments to remove the microbiota prior to
staining and direct counting in epifluorescent illumination was
neither quantitative nor repraducible when compared to chemical
assay of the muramic acid of the prokaryotic cell wall in one study
of marine sediments (Moriarty 1980). Direct microscopy can be
performed on the sediment particles or thin biofilins by making
estimations for organisms rendered invisible by sediment gran-
ules or overlapping organisms in biofilims. The application of com-
puter-based image enhancing can allow calculations of microbial
biomass in complex assemblies (Caldwell and Germida 1984). This
methodology works best when the density of organisms in the
sediments or biofilms is low and overlapping is minimal. Even
with computer enhanced image processing in direct microscopy,
we are left with the problem that the in siti methods often {uil
because the morphology of a microbe offers little insight into the
melabolic function or aclivity of the cells. Methane-forming bacte-
ria for example come in all sizes and shapes (Zeikus 1977). The
problem is (urther complicated by the fact that in many-environ-
ments only a tiny fraction of the organisms is active al any one
time and aside from the observation of bacterial doubling (Hag-
strom et al. 1979), the morphology gives little evidence of the
activity of the cells. Microscopic changes induced by showing the
fraction of active cells by tetrazolium reduction and formazan
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accumulntion-or nutrient stimulation in the presence of nalidixic
acid with signilicant elongation of the cells appear to work in
dilute planktonic environments (Maki and Remsen 1980, The
most direct method of determining the proportion of active cells in
a given biofilin involves a combination of anutoradiography and
electron or epilluorescence microscopy (Stanley and Staley 1977).
All these methods require metabolic activity in the presence of the
substrates and are subject to the limitations of density of organ-
isms and thickness of the biofilm in the field of view. With the
necessily for inducing metabolic activity there is a danger of induc-
ing artifically high levels of activity with the addition of the
substrates. Application of the extremely sensitive chemical meth-
ods has shown the induction of activily in the sedimentary micro-
biota when subjected to minimal disturbances (Findlay el al.
1985).

The attachment to and activity of microhes al surfaces is an
extremely important leature of microbial ecology (Marshall 1976,
1984). Not only do microbes attach to surfaces, but many exist in
consortia of multiple metabolic types. The best studied consortium
is probably that of anacrobes that ferment complex plant polymers

to volatile fatty acids, carbon dioxide, and methanc in the rumen of

vertebrates (Wolin 1979). Microcolonies ol mixed bacterial types
bound together with extracellular polymers are readily detect-
able in marine sediments by transmission clectron microscopy
(Moriarty and tlayward 1982). Isolation of the microbes in these
consortia for viable counting or direct microscopic examination is

often impossible and can provide little insight into the details of

the interactions that tuke place. Since these consortia have much
more versatile metabolic propensities than single species, it is
important in envirommental effects Lesting to preserve as much as
possible Lthe anatomy and metabolic interactions of these micro-
colonies. For that, a new type of analysis that does not involve
quantitative removal of the microbes from surfices or stimulation
of new and poussible artifactual metabolic activities is necessary.

An Interim Solution

Our laboratory has been involved in the development of assays to
define microbinl consortin in which the bins of cultural selection of
the classical plate count is eliminated. Since the total community
is examined in these procedures without the necessity of removing
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the microbes from surfaces, the microstructure of multi-species
consortia is preserved. ‘The method involves the measurement of
biochemical properties of the cells and their extracellular prod-
ucts. Those components generally distributed in cells are utilized
as measures of biomass. Components restricted to subsets of the
microbial communities can be utilized to define the community
structure. The concept of "signatures” for subscts of the com-
munity based on the limited distribution of specilic components
has been validated by using antibiotics and cultural conditions
to manipulate the community structure. The resulling changes
agreed both morphologically and biochemically with the expected
resulls (White et al. 1980). Other validation experiments that
involved isolation and analysis of specific organisins and (inding
them in appropriate mixtures, utilization of specific inhibitors and
noling the response, and changes in the local environment such as
the light intensity are summarized in a review (White 1983).

Phospholipids are found in the membranes of all cells. Under
the conditions expected in natural communities the bacteria con-
tain a relatively constant proportion of their biomass as phos-
pholipids (White et al. 1979¢). Phospholipids are not found in
sternge lipids and have a relatively rapid turnover in some sedi-
ments so the assay of these lipids gives a measure of the "viable”
celtular biomass (White el al. 1979b). ‘The phosphale of the phos-
pholipids or the glycerol-phosphate and acid-tabile glycerol from
phosphatidyl glycerol-like lipids that are indicators of bacterial
lipids can be assayed Lo increase the specificity and sensitivity of
the phospholipid assay (Gehron and White 1983,

‘The ester-linked fatty acids in the phospholipids are presently
both the most sensitive and the most useful chemical measures of
microbial biomass and community structure thus far developed
(Bobbie and White 1980; Guckert et al, 1985). The specification of
fattly acids that are ester-linked in the phospholipid fraction of the
total lipid extract greatly increases Lhe selectivily of this assay as
most of the anthropogenic contaminants as well as the endogenous
storage lipids are found in the neutral or glycolipid fractions of the
lipids. By isolating the phospholipid fraction for fatty acid analysis
it proved possible to show bacteria in the sludgze of crude oil tanks.
The specificity and sensitivity of this assay has been greatly in-
creased by the determination of the confligurntion and position
of double bounds in monoenoic falty acids (Nichols et al. 1985;
Edlund et al. 1985) and by the formation of electron capturing
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derivatives which after separation by capillary GLC can be de-
tected afler. chemical ionization mass spectrometry as negative
ions at femtomolar sensitivities (Odham et al. 1985). This makes
possible the detection of specific bacteria in the range of 10 to 100
organisms. Since many environments such as marine sediments

often yield 150 ester-linked fatty acids derived from the phospho-

lipids, a single assay provides a large amount of information.
Combining a second derivatization of the fatty acid methyl esters
to provide information on the configuration and localization of
the double bonds in monounsaturated components provides even
deeper insight. By utilizing fatty acid pattens of bacterial mono-
cultures, Myron Sasser of the University of Delaware in collabor-
ation with Hewlett Packard has been able to distinguish between
over 80(/strains of bacteria (Sasser 1985). Thus analysis of the
fatty acids can provide insight into the community structure of

. microbial consortia as well as an estiinate of the biomass.

Despite the fact that the analysis of PLFA cannot provide an
exact description of each species or physiologic type of microbes in
agiven environment, the analysis provides a quantitative descrip-
tion of the microbiota in the particular environment sampled.
With the technigues of statistical pattern recognition analysis it is
possible to provide a quantitative estimate of the differences be-
tween samples with PLF A analysis. For example it proved possible
to show that contamination of the subsurface aquifer sediment by
creosote waste induced shifts in the microbial community struc-
ture in the vadose zone (Smith et al. 1985).

Potential problems with defining community structure by
analysis of PLFA come wilh the shifts in fatty acid composition of
some monocultures with changes in media composition or temper-
ature (Lechevalier 1977) some of which were defined in this labo-
ratory (Joyce et al. 1970; Frerman and White 1967; Ray et al.
1971). There is as yet little published evidence for such shifts in
PLFA in nature where the growth conditions that allow survival
in the highly competitive microbial consortia would be expected to
severely restrict the survival of specific microbial strains to much
narrower conditions of growth.

Analysis of other components of the phosholipid fraction give
insight into the microbial community structure. "Signatures”
(components restricled to subsets of the microbial community
with similar physiological functionsi lor some of the microbial
groups involved in anaerobic fermentations have been developed.
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T'he rate limiting step in fermentations is the degradation of poly-
mers. A second tier of micvobies converts the cavhohydrates and
amino acids released from the biopolymers into organic acids, alco-
hols, hydrogen, and carbon dioxide. These are the anacerobic fer-
menters and some of these organisms conlain plasmalogen phos-
pholipids that ave limited ta this physiological clisss of anaerobes
in the microbial world (Goldfine and Hagen 1972). Plasmalogens
can be assayed by their resistance to alkaline methanolysis and
extreme sensitivity to mild acid tWhite et al. 19749d). Other groups
of anaerobic fermenters contain phosphosphingolipids with un-
usual sphingosine bases. These were detected in Bacteroides (Rizza
et.al. 1970). Sphingosines are readily assayed in acid hydrolysates
of the potar dipids by their amino groups or by GLC of the long
chain bases (White et al. 1969).

Phytanyl glycerol diethers found in the Archaehacteria can be
assayed by high pressure liguid chromatography (HPLC) afler
appropriate dervivatization (Martz et al. 1983). €. Mancuso in this
laboratory has improved the sensitivity and resolution of the anal-
ysis of the diphytanylglycerol ether lipids of the methanogenic
bacteria by HEPLC. She has also been able Lo show the presence of
isoprenologues of (he aliphatic side chains of the diether lipids
using highly sensitive GC/MS technigues (tMancuso ot al. 1985).

The sulfate-reducing bacleria contain lipids which can be
utilized to identify at least a portion of this class. Some contain a
unique profile of branched saturated and monounsaturated PLIFA
tEdhund et al. 1986; Parkes and Taylor 1983; Taylor and Parkes
198:3) that allows dillerentiation between those ulilizing laclate
and those using acetate and higher Iatty acids. Preliminary analy-
sis of sulfate-reducing bacteria by N. Dowling of this laboratory
strongly suggests that the majority of sulfate-reducing bacteria
found in marine sediments and in waters used in the secondary
recovery of oil are the acetate-utitizing strains, These organisms
are active even in fermentations in which there is no added sulfate
ns they can recycle organic sullur in the feed-stock (Smith and
Kiug, 1981,

From the residue of the lipid-extracted biofilm, muramic acid,
a unique component of many bacterial cell walls can be recovered
(Findiay et al. 198:3). Muramic acid in the bacterial cell wall exisls
in o 11 molar ratio with glucosamine. Since the analysis gives
both glucosamine and muramic acid and the chitin walls of many
microcukaryoles yicld glucosamine, the glucosamine to muramic

K
it
.Y
NI



%

P
R e,
O B g <32

-
u et o
R R

-

- --

322/WIITE

acid ratio gives insight inte the prokaryote to cukaryote ratio.
This complements the information developed from the ester-
linked PLFA.

Gram-negative bacterin contain distinetive patterns of amide
or ester-linked aliphatic and hydroxy fatty acids in the lipid A of
their lipopolysaccharide wall polymers (Parker et al. 1982). This
has proved Lo be an extremely valuable assay in the definition of
gram-negative bacteria. With this assay it is possible to detect
bacteria in manunslian tissue or secretions (Odham et al. 1985).
Gram-positive bacteria often contain teichoic acid polymers as the
substituted poly-glycerol or ribitol phosphate esters. Teichoic acid
glycerol and ribitol can be released specifically by hydrolysis with
cold concentrated hydrofluoric acid of the lipid extracled sediment
(Gehron et al. 1984). With this assay il proved possible to show that
contamination of subsurfuce aquiler sediments induces a shilt
from predominantly gram-positive Lo gram-negative based on the
ratios of teichoic acid glycerol Lo phospholipid.

The methods described ahove provide insight into the biomass
and community structure of micrebial consortia at the time of the
analysis. This is in some respects like the anatomy of a higher
organism—it defines the potential of activities possible for this
community. Phospholipids, adenosine nucleotides, muramic acid,
and the lipopolysaccharide of dead bacleria are vapidly lost from
marine sedimentls (Davis and While 1980; White et al. 1979b;
1979d; King et al. 1977; Moriarty 1977; Saddler and Wardlaw
1980). This indicates that the chemical markers provide good
estimates for Lthe stunding viable or potentially viable microbiota.

Nutritional Status

The nutritional status of hiofilms or microbial consortia can be
estimatled by monitoring the proportions of specilic endogenous
storage compounds relative to the cellular biomass. The nutri-
tional status of microcukaryotes (algne, fungi, or protozoa) in
biofilms can be monitored by measuring the ratio of triglyceride
glycerol to the cellular biomass (Gehron and White 1982). ‘These
microbes form triglyceride when exposed in a rich medium that is
lost under conditions of starvation. With this assay it was possible
to determine that amphipods existing in Lthe estuary at the Florida
State University marine laboratory have a triglyceride glycerol Lo
phospholipid ratio typical of starvation. Toxicily testing with
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these amphipads should be done with arganisms in the starving
nutritionat state it the exposure is Lo he in the estuary.

Cevtatn bactevin fovi the endogenous tipid PHA ander condi-
tions when the organisms can accumutate carbon but have insulli-
cteat tatal nutvients to atlow growth with cell division (Nickels et
al 197 A tore seusitive assay based on GLC of the components
al the A polymer demonstrated 4 and § carbon 3-O11 acids in
these polymers tiindiay and White 198:3b), The sensitive assay of
PHA has proved o useful means of defining the nobritional stalus
ol some heterotrophic microhes in various environmental habitats.
Phe epiphytic microbiola on sea grass blades bas o very high
PUAphospholipid ratio indicating that the leaf surface is an envi-
ronment where the nutrients induce unbalanced growth (Herrvon
ot al TOTHRY The chelatimg aclivity of the tannin-rich browa runoll
witter {rom the pine plantations of north Florvida indaces rapid

“acewmutlation of PHA in the estuarine deteital microbiota attached

to oak leaves iNickels ol al. 19791, Recentdy it has been possible Lo
study the rhizosphere of the rape plane Brassiea napas th). Bacte-
riavisolited from the voots when added to sterite soil and recovered
show active formation of signature phospholipid fatty acids
(PLEA T but no formation of PHA. These orginisms vecovered (rom
rhizosphere show less growth and large amounts of PHA when
compitred to those attached to the roots Clunlid et al. 1985b).
Vncontainated subsurfice agquiler sediments show a microbiota
with high levels of PHA relative to the phospholipids (White et al.
198:3). Contaminalion of the subsurface sediments with aromatic
phenols induces bacterial growth in the viadose zone with a de-
crease in the rate of PHA hiosynthesis (Smith et al. 1985). ‘The
ratio of the rate of formation of PLEA ta PLA fvom "Concetate has
bheen shown to be an extraacdinarily sensitive measure of the
nutricnt coviromment in the bacterial habitat (ikindiay and White
1984; Findlay et al. 1985, With this measure i proved possible Lo
detect the effects of vaking intertidal sediments with a garden rake
prior Lo measuring the rates of incorporation of “MC-acetate into
PLIFA and PUA if the isolope was carefully injected into cores of
sediment. Other commonly utilized methods of incasuring aclivily
by forming sturries or filtering the isotopically labeled precursor
through the core completely obhscured the eftects of the raking.
Measuring the ratio of incorporation rates preally increases sensi-
tivity and sllows measurement of the “disturbance artifact” in-
valved in the application of tabeted precursors to highly stratified
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environments such as sediments (Findlay et al. 1985). In his Ph.1).
studies R.H. Findlay showed a hierarchy of disturbance in a tidal
sand bar. The undisturbed sediment showed the smallest values
for the ratio of incorporation into PLFA/PHA. Increasing ratios
based on the greater synthesis of PLFA (cellular growth) and
lesser formation of PHA (carbon accumulation) for sands were
found in the course of sand dollar feeding and bioturbation, and
bioturbation in sting ray feeding pits. A still higher ralio was
found in areas subjected to wind and Lide disturbance. The highest
ratio was found in the sediments shurvied in the usual method of
measuring microbiat activities. Similar findings ol increased rates
of PLFA synthesis have heen detected with disturbance of stradi-
fied sediments by measuring the incorporation of Hi"1PO into
phospholipids (Moriarty et al. 1985).

We have also developed assays for extracellular polysaceha-
ride glycocalyx based on the specific content of wronic acids tFazio
et al, 1982). This assay has been utilized to show that poor growth
conditions stimulate the formation ol uronic acid containing ex-
opolymers by a marine Useudomonas Clhlinger and White 198:4),
Uncontaminated subsurface aquifer sedilments contain microbiota
with very high levels of extracellular polysaccharides indicating
poor nutrient conditions (White et al. 1983 The microlouling
community formed on metal surlaces exposed to rapidly Nowing
seawater shows a rapid accumulation of uronic acid containing
extracellular glycocalyx as a response to mechanical or chemical
countermeasures (Nickels et al. 198 1a; 1981¢. White and Benson
1984). Preliminary evidence indicates that these polymers have a
role-in increasing marine sediment stability (Nowell et al. 1985).

Métabolic Activity

The analyses described above all involve the isolation of compo-
nents of microbial consortia. Since cach of (he components are
isulated, the incorporation of labeled isotopes (rom precursors can
be utiliZed to provide rates of synthesis of turnover in properly

designed experiments. Measuremenis of the rates of synthesis of
DNA with *H - thymidine provide an estimate of the rates of

heterotrophic bacterial growth if care is tuken to utilize only short
incubation times, il isotope dilution is utilized Lo estimate precur-
sor concentration, and il DNA is purilied prior to measurement
(Moriarty and Pollard 1982). Incorporation of **S-sullate into
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sulfolipid can be utilized ta measure activity in the microeuk-
aryotes {While et al. 1980: Moriarty et al. 1985). Incorporation of
H. POy into phospholipids can be utilized as a measure of the
activity of the total mivobiota. The inhibition of phospholipid syn-
thesis in the presence of ceycloheximide represents the microeu-
karvote portion of the lipid synthesis (White et al., 1980; Moriarty
et al. 19861, Measurement of rates of synthesis and turnover of
both carbon and phosphate in individual phosphaolipids showed

diffevent turnover for the vacious lipids. Glycerol phosphoryl-
glyceral devived from phosphatidyl glyveevol showed rates of loss
stggesting that the most rapid rates of growth of the detrital
microbiota were of the order of 100 hours (King et al. 1977
Glyeerol phosphoryicholine devived from phosphatidyl choline
showed extremely slow tucnover in the deteitad microbiota after
pulse chase exposure to "'Coabeled precursors. Grazing by am-
phipods markedly incveased the foss of U'C-glycerol phospharyl-
choline providing o qrantitative estimate of grazing pressure
tMorrison and White 1930 .
Analysis of signatures by GC/MS miakes possible the utiliza-
tion of mass Libeled precuarsors that ave non-eadioactive, have
spoecilic activitie s approaching 10074 including isotopic macker for
nitrogen, and can be efficiently detected using the selective ion
mode in mass specttoscopy. The high specilic activity makes possi-
e the assay of erttical veactions using substrate coneentrations in
the biolfilims that are just above the natural levels, This is not
possible with yadioactive precursors. limprovements in analytical
techiviques have inereased the sensitivity of this analysis. Utiliz-
ing a chival derivative and fused sitica capitlary GLC with chemi-
val ionization and negative ion detection of selected ons, it proved
possible to dietect Bp 190 feadomalest of -abanine from the bacte-

il cell wall (the equivalent of 107 bacteria the size of E. coli

UPuntid o al. 19850, In this analysis it proved possibile o repro-

ducibly detect a 1% carvichment of ""N-D-alanine in the ""N-1-

alanine,

Detection of Effects on Microbial Consortia

The chemical methods for defining hiomass, community stracture,
nutritional status and metabolic activities deseribed above can be
utilized to detect the effects of various disturbances on microbial
consortia in the enviroament.
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With these technigues it has been possible to show suceession
in marine biofouling filins (Morrison ¢t al. 1977; Nickels et al.
1981a), the eflects of substratum biodegradability (Bobbie ot
al. 1978), the ellecls of substratum microtopology (Nickels et al.
1981h), the cliects of mechanical disturbance (Nickels et al.
1981¢), the cllects of amphipod grazing and resource partitioning
{Marrison and White 1980; Smith et al. 198240, the effects of sand
dollar bioturbation and predation tFindbiay and White 198:3a), the
eltects of essential elemental chelation (Nickels ot al. 1979, and
the effects of light tBobbie et al. 19811 on microbial consortia.

In experiments utilizing an inoculum from marine sediments
it was proved possible to manipulate the community structure of
the henthic microbiota by shifting from acrobic Lo anacrobic condi-
tions (Guckert et al. 1985). The fatty acid profiles of independent.
flasks showed veproducible shifts when manipulaled identically
and significant differences when manipulated with different treat-
ments. The absence of long chain polyenoic Gaitty acids indicated
the communitics were predominantly prokaryotic and the difler-
ences in the phospholipid ester-linked fatly acids were primarily
in the proportions of cyclopropane {atty acids and the proportions
and geometry of the monounsaturated fatty acids.

In similar experiments a subsurtace sediment inoculum was
grown Lhrough two cycles ol acrobic growth and compared Lo or-

ganisms from the same inocalum grown through two cycles of

anacrobic growth with no supplement, or with sulfale or nitrate
(1. Hedrick unpublished). Again there were reproducible shifts in

the microbial communily structure as reflected in the profiles of

ester-linked phosphalipid fatly acids. Hedrick also developed a
sensgitive assay for the respiratory quinones from subsurfice sam-
ples utilizing HPLC with electrochemical detection. Benzoguinone
isoprenologues are formed by microbes grown with high potential
terminal clectron acceplors such as oxygen or nitrate (Hollander ot
al. 1977). Naphthoguinones are lormed by bacterin with respira-
tory systems with various potential terminal electron acceptors.
As might have heen predicted, the acrobic culture formed the most
benzogquinone relative to naphthoguinone, the nitrate sapple-
mented annerobic culture formed less benzoguinone, the sulfate
supplemented culture formed still less benzoquinone, and the an-
aerobic fermentation formed the least,

The biomass, community structure, and metabolic activity in
the subsurface aquiler microbiota that resulted from contamina-
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tion by improper dispusal of creosote wastes all showed significant
changes (Smith et al. 1985). Exposure (o xenobioties in the up/d
range markedly influenced the colonization of azoic marine sands
in experiments designed o test the response to biocides in oil and
gas well drilling muods (Smith et al. 1982b). These methads ean be
utitized with animals. ‘The recl-building coral Montastrea an-
nularis showed dose-response related shills in amino acid pools, a
drop in total phospholipid content, a shift from saturated to poly-
unsaturaled fally acids, a loss of triglycerides, and an increase in
phospholipid fatly acids characteristic of bacterial infections on
exposure to parts per million levels of oil and gas well-drilling
muds (Parker et-al. 1984, .

It has been postulated for a long time that changes in rates of
predation at the top of estuarine lood chains would reverberate
through the various trophic stages and finally aflect the wicro-
biota at ils base. After developing methods for preserving sedi-
ment samples (Federte and White 1982) and sampling strategies
for mud {lats (Federte et al. 198300 it was possible to show stutisti-
cally significant dilferences in the community structure of the
sedimentary microbiota by eliminating predation by the crabs and
fish at the top of the food chain with properly designed caging
experiments (Federle et al. 198301 These experiments also showed
signilicant differences in the benthic microbiota between continu:
ous predation terabs and fish caged inside) and the random preda-
tion of control areas. With the same type of technology it was
possible to validate microcosms meant to mimic the estuarine
waters nearby. The laboratory microcosms showed microbial bio-
mass and community structures that were detectably different but
the degree of difference was not Iarge and did not increase with
time when compared to the field in the system taken from a
shallow, turbid, highly disturbed bay that is enviched by riverine
runoll and is characterized by low macroscopic spectes diversily
and high biomass. Microcosms prepared from iimore stable, higher
salinity, system with a much more diverse macroscopic conmu-
nity that is controlled by epibenthic predators showed a great
difference from the field site. ‘The differences between the micro-
cosms in the laboratory and the field site increased drastically
wilth time in this system (Federle et al. 986,

The methods based on quantitative analysis of components of
the microbiota and its extracellular polymers show responses to a
varicety of anthropogenic and natural perturbations clearly work
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but they are not the solution. Ta truly understand the interactions
of microbial consortia the analysis should be non-destructive, sen-
sitive and continuous as well as have the resolution on the seale of
micrometers—Lthe sizes of microbial consortia themselves. Is such
a technique available? Possibly . . .

The Solution

The analysis of biofilins based on the isolation of chemical signa-
tures is a destructive analysis and cannot be readily automated or
utilized to give real-time monitoring of biofilms. The possibility of
utilizing a non-destructive technique to monitor the chemistry of
living biofilms is now possible with the Fourier transforming in-
frared spectrometer (F1/11t),

‘The infrared portion of Lhe spectrum is extraordinarily rich in
information regarding the vibrational and rotational motions of
atoms in molecules. Not only can specific infraved absorplion be
assigned to particular types of covalent bonds but the madifica-
tions of these bonds by the local electronic environment can be
detecled in the details of the spectra (Bellamy 1958; Parker 1971,
The infrared spectrum of a compound has long been accepted as
one of the best nondestructive identification technigues.

One of the problems restricting the application of intraved
spectroscopy has heen that Lthe atomic interactions sensed in the
infrared portion of the spectrum are at relatively low energices and
the detection is relalively inellicicnt. This has prechuded the tull
usage of the power of Lhe analysis using complex materials isoluted
from the environment.

The advent of (ast computers has made possible a4 new type of
infrared spectral analysis. ‘This has provided the technology to
utilize the far infrared portions of the spectrum, Lo follow rapid
reaction rates with changes in spectral intensity, v to otilize
different types of sample exposures such as photoacoustic spectros.
copy. The secret lies in the array processor computers that can
perform Fourier transtormations so rapidly that interference spec-
troscopy can he possible.

The FT/IR has several advantages over conventional IR spec-
troscopy:

1. The Fellgett advantage results from the fact that the entive
spectrum passes through the sample during the entire analytical
interval. The spectrum is generated by the interference hetween
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one portion of a split beam that is "retirded™ in that it is refllected
from a vibrating mirror. In this way the entire interferogram is
allowed to impinge on the sample throughout the entive analytical
interval, Conventional spectrophotometers create a beam that
scans the sample with a series of wavelengths. In these instru-
menis the signal from ench wawvelength interval occurs for only a
small portion of the analytical interval whereus the noise contin-
ues to be generated throughout the entire analytical interval. n
the /IR both the signal and the noise occupy the entire analyti-
cal interval. Under the conditions of continuous analysis by the
entire speclrum, during the time a signal of amplitude n is gener-
ated, the random noise of n'2 is also gencrated. This means that
quadrupling the number of scans doubles the signal to noise ratio.

2. 1In the throughput or Jacquinot advantage the FI/IR uti-
lizes the whole beam. Conventional spectrophotometers focus a
narrow slit of tight on the dilfracting engine to create the analyti-
cal beam. Thus only a small portion of the light entering the
monochromator is utilized in the analytical beam. ‘The high
throughput of the FIZIR means that a smaller beam can be utilized
and thus a smaller portion of the sample can be analyzed.

_'I'he combination of the Fellgett and Jacquinot advantages in
the FIVIR gives an increase in the signal to neise ratio in the
mid-IR spectral range of 2.4 orders of magnitude (Grilliths 1975,
1983, ‘ ‘

3. 'Fhe sipnal generated by the FIAR interferogram is actu-
ally praduced in the time domain. To transform the signal into the
frequency space in which spectra are usually pecceived vequires a
Fourier transtormmation. Although this step prevented the utiliza-
tion of interference spectroscopy until the advent of modern com-
pulers, it is actually an advantage. Since data described in Fourier
space are in-general expressed as suceessive approximations in
terms of gines and phase (cosines) which are mathematically well
behaved, simple mathematical manipulations on data in Fourier
space can be utilized to correct for bascline shifls, overlapping,
apodization ete. that would require complex mathematical imanip-
ulations in frequency space if they were even possible.

4. For the interferograms to be transformed from Fourier to
frequency domains the signal is digitized. This digitization is
achieved using equal intervals of optical path diflerence using the
sinusoidal interferogram from a laser beam focused on another
part of the mirrors. The interferogram is digitized once per wave-
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length of the lnser interferogram at the zero crossing which gives

an extraordinary spectral resolution. Our instrument provides a
spectral resolution that is conlinuously variable between 100
em ™! and 0.26 cm . The best conventional IR spectrometers
formerly gave resolutions of about 6 em Y. The extremely high
resolution greatly increases the information content of the spectea.

5. Since a large capacity compuler is vequired to transforin
the signals this computer can also be utilized to manipulate the
signals. The gencration of difference spectra by electronically sub-
tracting before and after treatments allows small differences to be
detected. These small diflerences can be further increased by plot-
ting derivatives of Lthe spectra.

6. The high capacity of the array processors allow for 64,000
Fourier transforms/second. This makes possible the online moni-
toring of successive scans. ‘The computer can be programmed to
discard scans that are outside specilic limits set by the spectrosco-
pist. This facilitates the use of repetilive scanning that greatly
incréases the sensitivily of analyses.

7. The high signal to noise ratio allows measurement in the
far infrared region (1000- 10 cm ') The weak vibrations that
involve heavy metallic atoms can now be included in the spectra.

A summary of Lhe use of F'I/IR in microbial ecology has been

published (Nichols et al. 1985b).The VIR examination by diffuse
reflectance (DRIFT) of freeze-dried, powered bacterial monocul-
tures shows two major groups. The lirst group is chavacterized by
dominant amide 1 (between 1690 and 1650 ¢ ') and amide 11
(1550 cm ™ ") bands found in Escherichia coli, Pseudomonas fluor-
escens, Desulfovibrio gigas, Staphylococcus aurcus, Clostridium
perfringens, Methylobacterium organophilium, and Methylosinus
trichosporium (hoth the lagtter grown on methane). Subtle varia-
tions in peak ratios of several groups could be utilized to dilTerenti-
ate between the different species. The second major group of orgian-
isms contained an enlarged carbonyl band at 1740 em ' This
group included Bacillus subtilis, Methylobacterivm arganophilium
(grown on 'methanol), and Nitrobacter winogradskyi. ‘These find-
ings together with the powerful technique of subtraction of one
spectrum from another suggest that DRIFT could be utilized to
recognize differences in communitly structure. Preliminary experi-
ments indicate that examination of planktonic microbiota on pre-
extracted filters by DRIFT can be correlated with a detailed exami-
nation of the lipid content.

-
ME

(X, DO PR TRUG PR L (TR V0 VLR
C ] OO0 [y AR $RLRELT . \) i S0 YO
RRORORORAHR RS .»,afui’__,‘t‘[q,ff\‘p:a Mo ta}t.,s,itﬁ.l_\h\"“ B BN R DG

.

3

I

The polymers,
y P. atlantice
-0 stretely

turesof &
replaces a
the analysigof bacteri
plus
glycocklyx are simila
bacteridor artificial m

ide I. Usin
possible
8 formex
men various:
propion}te or butyra
the unsupplemented

els, it prov

has pro
fouling
seawater

the reversiple facilit:

'
N

:‘th‘_.i. Pttt



ENVIRONMENTAL EFFECTS TESTING BY FIRZ31

Kives Two mensures have been identified as markers for the micro-
des a bial nutritional statas. The formation of PHA and the uronic
v 100 acid-contnining exopolysucchavide glycoculyx nre responses to nu-
clers tritional stress by bacterin. Both polymers can be detected with the
hig F'E/HR The polyiers, such as gum arabic like the glycocalyx pro-

ctra) duced by . atlantica show a prominent absorbance at 1150
LHorm cm ! for O streteh, ‘The logarithm of the ritio absorbanee at
: the C -0 streteh to amide 1 gives an excellent. corvelation with mix-

sup- tures of . coli and gum arabic (Nichols el al. 1985b), This analysis

Lo be ' veplaces n three week chemical tour-de-foree involving GO/MS in
$piok- the analysis of bactevial glycocalyx, ‘Che DRUIFE spectram ol & cofi

plus gum arabicand of I*. atlantica induced o form polysaccharide
glycocalyx are similar in appearance. Accumulations of PHA in
bhacteriaor artificial mixtures of bacleria plus parified PUHA show o
linear correlation with the ratio of the carbunyl streteh at 1750
cm Y to amide 1. Using these recombination experiments ias mod-
els, it proved possible to show DRIEE shifts in PHA and glycocalyx
in the biofilms formed in anaerobic fermenters that were supple-
mentled with various amendments. For example amendments with
propionate or butyrate showed similar biofilms compared with
the unsupplemented or the biolilm of the digester ameunded with
nitrate.

The attenuated total reflectance celHHATID makes possible the
examination of living biofilins. The FIYIR can detect the vibration-
rotation intevactions of biolilms about 300 um outside the surfice
of the germanium crystal used in the ATR cell. With this system it
has proved possible to show that the carbohydrate rich initial
fouling polymer coats Lthe germanium surface exposed (o sterile
seawaler in about 13 hours ). Gucekert of this laboratory). A
similar system has been utilized Lo follow the clotling sequence on
various plastics inserted into the blood stream of living shoeep
(Gendreau and Jakobsen 1978). This is clearly the way to follow
biofilm formation and possibly to potentially monitor fermenta-
tions continuously. Not only is the FI7IR non-destructive, rapid

.+ and sensilive but it is possible to decrease the beam size to diame-
ters approanching 10 um which is the scale of the microbial interac-
tions thal must be monitored. Decreasing the area for analysis
requires that longer analysis Lithes be utilized Lo achieve the same

p. sensilivily.

i - With the DRUFT analysis it proved possible to demonstrate

the reversible facilitation of corrosion of 304 stainless steel by the
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b non-sulfate reducing marine bacterium Vibrio natricgens and its Bobbig, RJ., and DO
extracellular material on the surface (Nivens et al. 1985), There community ftructure ":“_“
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1. SUMMARY

The polar lipids of 5 species of Thiobacillus
were extracted and purified. An analysis of the
fatty acid composition of the polar lipids docu-
mented the presence of methoxy. cyclopropyl.
monounsaturated and hydroxycyclopropyl (atty
acids of sufficiently unusual structure to serve as
*signatures’ for the presence of these organisms in
environmental samples. The structures of the un-
usual fatty acids of the polar lipids were con-
firmed by mass spectrometry (MS) after isolation
by capillary gas chromatography (GC).

2. INTRODUCTION

The thiobacilli form a group of acid-producing.
aerobic, Gram-negative bacilli with varying nutri-

* To whom correspondence should be addressed.

tional requirements. Reduced sulfur (elemental
sulfur, hydrogen sulfide. or thiosulfate) is the
characteristic substrate for oxidation by these
organisms, which produce sulfuric acid as a
metabolic end-product. These bacteria have the
ability to survive external pH values between |
and 4. Their acid production has been cited as a
mechanism in the biodeterioration of concrete
sewers [1] and utilized commercially in the re-
covery of metals from leach fields [2]. In both of
these areas the quantitation of the role of thioba-
cilli in the environment, by analysis of a parame-
ter which could be related to bacterial numbers,
would be a useful measure and might replace
time-consuming and often unreliable cultural enu-
meration techniques. Analyses of the membrane
fatty acids indicated that unusual fatty acids and
ubiquinones were present [31-7] and those find-
ings. at least in principle, suggested that mem-
brane fatty acids could be used as quantitative
signatures for the thiobacilli.
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In this study “unusual’ Tatty acids i the polar
hipids were detected. These polar lipid fatty acids
(PLFA) are sufficiently unusual to be uttlized s
‘signature” patterns for the group as a whole
Preliminary examination of the PLFA of § species
of acid-producing thiobacilli suggests that patterns
of PLFA could be used to define the species. The
PLFA pattern shafts with culture age. The propor-
tions of ‘vnusual’ PLFA such as the branched-
cvclopropane. methoxy. and mid-chain branched
acids accumulate with time.

3. MATERIALS AND METHODS

3.1 Materials

Solvents were distilled in glass and were of
residue analysis grade or better (Baker Phillips-
burg. NJ). Standards and derivatizing agents were
purchased from Supelco (Bellefonte, PA). Applied
Science (State College. PA), Aldrich (Milwaukee,
Wi). Sigma (St. Lous, MO). and Pierce (Rock-
ford. 1L).

3.2. Organisms and cultural conditions

Thiohacillus thiooxidans ATCC19377 was grown
in modified Starkey’s medium [8] at 25°C on a
rotary shaker. The medium contained KH,PO,,
3.0 g (NH,),S0,. 30 g MgSO,-7TH Q. 05 g
CaCl, - 2H,0. 0.5 g: Na,S,0,- 7H,0. 10.0 g: with
1 ml trace elements [9} per 1. The final pH was 3.5
alter adjustment with sulfuric acid. Organisms
were harvested in late stationary phase.

T. thiooxidans strain K-6 was isolated from the
Hamburg sewer system [1] and was grown in the
S-5 medium of Hutchinson et al. [10] supple-
mented with 10.0 g/ of Na,S,0,-5H,0. at an
initial pH of 4.5.

Thiobacillus novellus ATCCRO93 was grown at
pH 7.0 in Starkey's medium [8] with Na,5,0, as
the energy source as described [H] Organisms
were grown on a rotary shaker at 25°C.

Thiobacillus neapolitanus straim B-2 was isolated
and characterized [t} and grown in the medium
labeled Thiohacillus thioparus of Vishniac and
Santer [12] at an initial pH of 6.6,

Thiobacillus intermedius  strain D-14 {1] was
grown in the medium of Matin and Rittenberg

[13] supplemented with Na ,8,0,- 5H,0 5.0 g, 0.1
g CaCly per L with 0.1 mM biotin at an initial pH
of 6.8

Thiobacillus acidophilus ATCC27807 was grown
w the medimy of Guay and Silver {14}, with
glucose 10.0 g (added after autoclaving) and yeast
extract 0.3 g/t at 25°C with stirring and an initial
pH of 3.5,

Ocganisms were harvested by centrifugation at
10000 x g for 15 min at 4°C, washed twice in
phosphate buffer or growth medium minus energy
source and lyophilized.

23 Extraction

The analvtical sequence utilized for PLFA
analysis is diagrammed in Fig. 1. The modified
one-phase Bligh and Dyer extraction was utilized
for all samples [15]. Duplicate samples were ex-
tracted separately and all data is expressed as the
mean of two determinations. After the overnight
sepatration of the lipid and aqueous phases in the
second stage of the extraction, the organic fraction
was filtered through fluted Whatman 2V filters
and evaporated to dryness under a strcam of
nitrogen.

2.4 Polar lipid isolation

Silicic acid columns were prepared using | g
Umisil (100-200 mesh: Clarkson Williamsport, PA)
activated at 120°C for 60 min and pre-extracted
with ciloroform. Columns were prepared with the
approximate ratios of 50:1 stationary phase to
lipid (dry wt.) and L.7:1 stationary phase column
bed height : cross-sectional arca. Total lipid was
applied to the top of the columns in a minimal
volume of chloroform. Sequential washes of 10 ml
of chloroform, acetone, and methanol eluted the
neutral. glyco-, and polar lipids, respectively. The
polar {ipid fraction was dried under a stream of
nitrogen.

2.5 Mud alkaline methanolysis

The mild alkaline methanolysis procedure [15]
was utilized to prepare methyl esters of the ester-
linked fatty acids of the polar lipids.

3.6, Thin laver chromatography
Thin laver chromatography (TLC) on What-
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Fig. 1. Diagram of the isolation and analysis of the PLFA of
the acid preducing thiobacilli. TLC thin laver chromatogra-
phy: OHFAME and FAME. hydroxy- and fativ acid methvl
esters; TMSi, trimethylsilation: H,. hydrogenation in acid:
DMDS. formation of dimethyl disulfide adducts: D-A. forma-
tion of Diels-Alder adducts.

man K-6 silica gel (0.250 mm thick) was utilized
for purificatioh. The methyl esters from the polar
lipid fraction were applied in a sirip to the origin
of the TLC plate that had previously been divided
into a large mid-plate channel with two narrow
channels on the edges. Authentic fatty acid methyl
esters (FAME) and hydroxy fatty acid methyl
esters (OHFAME) were applied 10 the outside
channels and the plate placed in a tank for sep-
aration by ascending chromatography in a solvent
of chloroform/methanol/water (55 : 35 : 6.
v/v/v). The silica gel bands corresponding to the
FAME and OHFAME (R, > 0.8) were scraped
from the plate and the fatty acids recovered with
chloroform /methanol (2: 1. v/v). The position of
the aminolipids was identified by spraving a por-
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tion of the plate with 0.25% (w/v) ninhydrin in
acctone /lutidine (9: 1. v/v) [16]. The bands on
the unspraved portion of the plate were recovered
in a Pasteur column and eluted with chloroform /
methanol (1: 1 and 2: 1. v/v).

The FAME and OHFAME were separated
using ascending chromatography with hexane : di-
cthyl ether (1: 1. v/v). The FAME hand (R, 0.65)
and OHFAME band (R, 0.25) were recovered
and  cluted  with chloroform  and  chloroform/
methanol (1:1, v/v).

3.7 Acid methanolvsis

The aminolipids recovered from the TLC plates
were subjected to acid methanolvsis in anhydrous
methanol /concentrated  HCL /chloroform (10 :
L1 v/v/v) after heating at 100°C for 1 h. The
OHFAME were recovered in chloroform.

3.8 Derivatizations

Trimethylsilyl ethers of OHFAME were formed
with N, O.-bis-(trimethylsilyl)-trifluorcacetamide
(BSFTA) (Pierce) [17].

The position and geometry of the monoun-
siaturation in the FAME and OHFAME was de-
termined after two procedures. Dimethyl disulfide
(DMDS) adducts were prepared as described [18].
These derivatives increase the resolution between
cis and rrans geometrical isomers in capillary GC.
Dicls-Alder adducts were prepared from the
monounsaturated FAME and OHFAME utilizing
5.5-dimethoxy 1.2.3.4-tetrachlorocyclopentadiene
(Sigma) using the modifications described for
bacterial fatty acids [19]. In both these procedures
the fragments from the omega (w) or aliphatic end
of the molecule and the delta (A) or carboxyl end
of the molecule are clearly evident.

The position of the cvelopropane ring in the
FAME can be determined aflter hydrogenation in
the presence of Adam’s catalvst of PO, with the
esters dissolved in methanol : glacial acetic acid
(1:1. v/v) under a hydrogen atmosphere (140
kPa) at room temperature with mechanceal agi-
tation for 20-40 h in a Parr hvdrogenation ap-
paratus (Moline, IL) [20). These derivatives give
fragmentation patterns at branch points on cither
side of the original cvclopropane ning. Sumilar
treatment of the 2-OHev FAME did oot vield
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fragments allowing determunation of the branch
points.

3.9. Gas chromatography

Dry FAME or OHFAME were dissolved in
hexane and the internal standard of methyl non-
adecanoate added. Samples of 1.0 ul were injected
onto a S0 m nonpolar, cross-linked methyl sili-
cone-fused silica capillary column (0.2 mm id..
Hewlett Packard) in a Varian 3700 GC. A 30-s
splitless injection with the injection temperature at
250°C was used. Hvdrogen at a linear velocity of
35 cm/s was the carrier gas with a temperature
programme starting with an initial temperature of
80°C. The initial 20°C/min rise for 3 min fol-
lowed by a 4°C/min rise for 30 min and an
isothermal period for the remainder of the 40 min
program was utilized. Detection was by hydrogen
flame (FID) using a 30 ml/min nitrogen make up
gas at a temperature of 290°C. An equal detector
response was assumed for all components. Peak
areas were quantified with a programmable
laboratory data system (Hewlett Packard 3350
series) operated in an internal standard pro-
gramme relative to known amounts of internal
standard.

3.10. GC/MS

FAME and OHFAME were tentativelv identi-
fied by co-elution with authentic standards sup-
plied by Supelco and Applied Science Labs. or
previously identified laboratory standards. The
analysis was performed on a Hewlett Packard
5996A GC/MS with a direct capillary inlet utiliz-
ing the same chromatographic system except for
the temperature programme which was begun at
100°C and increased to 280°C at 3°C/min for a
total analysis time of 60 min. The electron multi-
plier voltage was between 1400 and 1600 V. the
transfer line maintained at 300°C. the source and
analyzer maintained at 250°C, and the GC/MS
was autotuned with DFTPP (decafluorotripheny!-
phosphine) at m/z 502 with an ionization energy
of 70 eV. The data was acquired and manipulated
using the Hewlett Packard RTE 6/VM data sys-
tem. Other conditions were as described previ-
ously {20].

.11 Fauy acid nomenclature

Fatty acids are designated as total number of
carbon atoms: number of double bonds with the
position of the double bond nearest to the aliphatic
(w) end of the molecule indicated. This is fol-
lowed by the suffix ¢ for cis and t for trans
configuration of monoenoic fatty acids. The pre-
fixes i, a, or br indicate iso, anteiso, or branched
(position undetermined). Mid-chain branching is
indicated by the number of carbon atoms from the
carboxyl (4) end of the molecule and Me for the
methyl group. Cyclopropane rings are indicated
with the prefix ¢y and the position of the ring
from the aliphatic (w) end of the molecule. Hy-
droxy (atty acids are indicated by the number of
carbon atoms from the carboxyl end of the mole-
cule followed by the prelix OH. Methoxy (atty
acids are given with the number of carbon atoms
from the carboxyl end of the molecule followed by
the prefix MeO.

4. RESULTS

4.1. Structural confirmation of the unusual fatty
acids of Thiobacillus spp.

The data in Table 1 (I) show the mass spectral
fragmentation patterns of monoenoic PLFA of 16,
17. 18 and 19 normal and 10 methyl branched
18-carbon monoenoic acids after fractionation by
capillary GC. Fragmentation of the Diels-Alder
adducts and dimethyldisulfide adducts showed the
same position for the unsaturation in each acid. In
part Il of Table 1 the evidence for the position of
the cyclopropane ring in 17- and 19-carbon chains,
following ring opening. hydrogenation. is pre-
sented. Mass spectral evidence was oblained for a
21-carbon cyclopropane fatty acid which showed
fragments at m/z $5. 69, 74, 111, and 129 and
also showed the expected GC retention time. Part
IIT of Table 1 shows the evidence for a-hydroxy-
cyclopropane fatty acids based on the fragmenta-
tion of the trimethylsilated methyl esters. Parts [V
and V of Table 1 show the evidence for methoxy
18- and 20-carbon fatty acids and mid-chain hy-
droxy fatty acids.

4.2, PLFA patterns of Thiobacillus spp.
The proportions of the PLFA in 5 species and 2

C)

Y




Table 1
Thiobacillus spp. polar signature lipids

Characteristic jon fragments (m/z) of: 1. Diels-Alder adducts and dimethsidisulfide adducts of monounsaturated fatty acids: H.
products obtained following ring-opening hydrogenation of cyclopropyl fatty acrds: TH. hydroxs fatty acuds: 1V, methoxy fatty acids;

V. mid-chain hydroxy fatty acids.

Compound class/
fauy acid

lon fragment (m /)

Diels-Alder adducts

1 Mono-unsaturated Dimethvidisulfide adducts -
fatty acid * [M-HC]| -Frag. " w-Frag * M T3 rag t wbragt
16:1010 495 67 a9 C T
16: lw? 495 409 kkY) 62 17 145
16:1wS - 62 245 17
17: w9 509 195 65
17: 18 509 409 s 176 217 159
17:1w6 509 43 a2 76 245 (R
7105 - [R1]
18:1w9 523 409 368 R
18: lw? 523 437 RRY) 90 245 145
18:1w5 523 465 29 90 273 117
19: l.w9 37 423 6S 23 173
19:1w8 537 437 151 - 245 159
19: w7 $37 451 kR¥) - 259 145
19: w6 537 465 kPR 404 273 (R}
10Mel8: 1wé6 - - - 404 M [RY]
11Mel8: 106 - 404 L 131 :
It Cyclopropyl Products M* Other enhanced ions 1 )
fatty acids ' ‘1
cyl7:0(w1.8) IMel6:0 284 157, 185 il
10Mel6:0 284 171, 199 [
10Mel8:0 22 171,199 N ¢
cyl9:((«w8.9) 11Mel8:0 u2 18S. 213 g
- 7
111 2-OH-Hydroxy [M-15]* [M-59)° Other major ion fragments :
cyclopropane acid .
2-OHcy16:0 341 297 7389, 129,159 X
2-OHcyl8:0 169 a2s T RY 129,159
2-OHcyl9:0 3R} kL T3 R9.129. 1589
IV Methoxy Major ions Other ion (ragments
fatty acids *  ~*
10McO1R: 0 157,215 o ss.eee ks T .
11Me018:0 143, 229 S5.59, 69 RS
12Me020:0 157.243 55.59. 09 RS
13Mec020:0 143, 257 §5. 59, 69, RS
V Mid-chain Major ion Other 1on rﬁg.hﬁf‘v o
hydroxy fatty !
acids &'
11-0H19:0 215,287 B 7397120 180 -
13-OH19:0 187, 315

T

Not detected.

- a g e

Tdentified based on retention time, and the presence of o [3-32) fragment

* See MATERIALS AND METHODS for description of monounsaturated fatty acid deavatization procedures
A-Fragment indicates fragment including carboxylic end of the molecule
w-Fragment indicates fragment including aliphatic end of the molecule

7397129189

Branched-chain cy21 : 0. brey 20:0. and nornial ¢v20: 0 detected based on GLC retention time and mass specteal data before and

after hydrogenation.
Chromatographed as OTMSi ether

r =™

side of the methoxy group.

side of the OTMSi group.
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Prefix indicates position of methoxy group from the carboxalic end of the molecule: Magor one are due to fragmentation on either

Prefix indicates pusition of hydroxy group from the carboxvhic end of the melecule Major ions are due to {ragmentation on crther
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i strains of one species of acid-producing thiobacill from the others 10 having higher proportions of
are listed in Tables 2 and 3. 70 neopolitanus and nornal saturated PLEA such as 16:0, and 17:0
. strain K-6 of T. thiooxidans are clearly different and low levels of ¢cyl19:0(w8.9). which is a major
L]
o4
et
KHy
ﬁ,: Vable 2
b Ester-linked fatty acid composition an the polar lipid of Tiobacdles spp L Non-hvdroxy Taty acuds
. Fatty acids listed in order of clution from GLC. Trace components < 0.3% 0 AL B and C are midentificd. * awdicates unresolved
i:' components. MeQIR -0 contaims cquivalent amounts of 11 and 1) methoxy branches. Total FAME sepresents the total amount of
:,* sample analvzed. Each value is the mean of 2 determinations.
"lql Fattv Acid Strain (mol%)
¥ T. acidophilus T vermedius T neapolianus T, novellus T thiooxidans T thiooxidans
27807 D-4 B-2 RO93 19377 K-6
13:0 20
A 14:0 0.10 1.64 028 ol
n 15:0 A9 0.22 -
RN 16:1010C . TRACE .
:o" 16: 107C 0.15 0,69 s l' TRACE 1.05 9.19 '
=4 16: 1077 0.18 Tle 0l
16: 1w sSC 0.39 TRACF 022
. A TRACE TRACE TRACKE TRACE
16:0 154 15.0 2R.S 141 (LN LA
B i17: 1ws 0.17 1.24 021
- 17: 1w9C 0.2§ TRACE TRACE
"4 17 twRC 1.5§ TRACE 0.36 TRACE ‘\
3 17:167C 0.26 TRACE TRACE w
R 17:1w6C 0.16 TRACE 0.59 TRACE 220 TRACE
cyl7: w1 B) 9.46 1.20 TRACE 66 TRACE
0y 17:0 TRACE 2.64 461 2.4 TRACE 5.56
2::: 18 1w9(C TRACE TRACE TRACE TRACE .54
i) 18:107C 408 477 . “ (| 392
r:;: 18: 17T 0.25 186/ 70, 107 o6 oy 0.3
’,f,: 18: 1w5C 0.39 0.95 0.93 0.50 1.50 TRACE
E B TRACE 0.52 0.3 .99
18:0 453 9.10 1.6 6.24 R.16 2R
¥y McO18:0 0.49 0.62 029 0169
: 1TMclR:Twb . 2.80 235 ()4. 116 145 07‘
9 10MclR: w6 - 270 362/ e [ PRR] 1.90 e
Y 19 109C IRACE IRACE
i' 19:1w8C TRACE 1.04 0.37 TRACE TRACLE *
19 17C 0.62 TRACE TRACE
19:106C TRACE 1RACE TRACE
:;.; evl9:((wR9 59.1 256 1.52 434 440 4.24
:.;, brey20:0 0.63 IRACE 151
KA cy20:0 122 16 0.34 9.14 % H 1.35
& C TRACE TRACFKE FTRACE TRACHK
W 13Me020:0 1.43 1.45 0.87 099
v 12Mc020:0 1.42 1.41 1.20 n9s
brey2l ;0 00 9 258 2R
ah 2100 1.25 2.60 2.58 0 9K :
: Total FAME 2500 415 7169 48 IR 1250
:\ (nmol)
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Ester-hnked fanty acid composibon in the polar lipid of Thiohacilus spp. 11 Hyvdroxy fatty acids

Fatty acids histed in order of clution from GLC. Trace components < 03T A and B mdicate 2-OH and 3OHFAME, respectively.
* Indicates significant amounts of JOHFAME found in the aminolipid. The suffix A or B indicates, the nugor somer as determined

by GC/MS. Total OHFAME represents the total wmount analyzed. Each value is the mean of 2 determinations

Fatty Acid Stravn (mol¥)

T acrdophilus T sntermedius

T. neapolitanus

T novellus T thivoxedans T thiooxidans

27807 1314 B-2 RO93 19177 K-6
A/BOHI14:0 273 B 0.59 A 5958 REIK 121* 8 574 B
A/BOHIS: 0 1.57* 18 TRACE
AOHCY16:0 6.44 8.2
A/BOHI6:0 104* 8B SX6 A 109 A 922*8 RIKC AN ] 250°* 8
A/BOHILT: 0 1.2R B A2XA 143 A 269 A 295 * A
AOHCYI18:0 0.64 1.0 RO TRACE .37 1.61
A/BOHIR:0 662°*B $278 ST2A 659°* B $.73 2268
AOHCY19:0 QRO 153 R.02 S.40 4r.4 422
1HOH19:0 2.03 1.18 2.37 043
130H19:0 2.03 091 10.7 0.85
BOH22:0 TRACE
Ratio ( x 100)
OHFAME /JOHFAME
+ FAME 6.25 12.3 1.50 136 2R8 15.2
Total OHFAME
(nmol) 400 63 1.3 S6 125 222

component of the other 2 spectes and strain 19377
of T. thivoxidans (Table 2). T. neopolitunus con-
tains the highest proportions of 2-OH ¢y16:0 and
2-OH cyl8:0 in the PLFA (Table 3). T. neopo-
litanus contains the smallest proportion of
OHPLFA to PLFA of the 5 species. T. thivoxidans
K-6 is similar to T. thiooxidans 19377 in the high
content of 2-OH and 3-OH 16 : 0 and 2-OH cy19:0
than the othfer species. T. intermedius and both
strains of T. thicoxidans contain high proportions
of 3- and 2-OH 16:0 in contrast to T. acidophilus
and T. novellus which contain high proportions of
3- and 2-OH 18:0 (Table 3). The nonhydroxy
PLFA of T. acidophilus. T. novellus, T. inter-
medius, and T. thiooxidans 19377 show similarities
with relatively higher proportions of MeO18:0.
cyl9: (w89). 10 and 1I1MelR:lw6, 12 and
13MeQ20:0, cy20:0, and brcy2l : 0 PLFA than
T. neapolitanus and T. thiooxidans K-6.

The tentative structures of each of the fatty
acids listed in Tables 2 and 3 have been confirmed
by GC/MS. The trimethylsilyl ethers (TMSi) of
the OHFAME showed an cenhanced M-15 ion,

and fragments at m/z 73, 89. and 159. The 2-
OTMSIFAME showed the diagnostic M-59 ion
[21). as well as major fragments at m/z 103 and
129. The 3-OTMSIiFAME show the definitive
fragment at m/z 175 plus the rearrangement at
m/z 133, and m/z 159 and 131 [17.21]. Mid-chain
OTMSIFAME showed major ions attributable to
fragmentation either side of the OTMSt group.

4.3. Shifts in the PLFA composition with time of
incubation

The incubation of T. acidophilus in stationary
phase for 18 days resulted in a progressively de-
creased yield of cells and a marked shift in pro-
portions of the PLFA (Table 4). As the culture
ages the proportions of “typical® PLFA such as
16:0 and 18:1lw7c decrease. No change in the
proportions of 14:0. 18:0 and the major compo-
nent cyl9:0 is observed as the culture ages. The
proportions of the ‘unusual’ PLFA such as the
methoxy and  mid-chain - methyl-branched. the
branched cyclopropane. and cvclopropane  20-
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Table 4
Change in the proportions of polar lipid ester-hinked fatty acid
composition of Thiobacillus acidophilus with growth

Faltty acids listed in the order of elution from GLC. * indicates
unresolved components. Trace components not shown.

Fauy acid 6 Days 12 Days 1R Davs
(mol%) (mol%) (mol%¥)

14:0 0.1 0.21 010
16:107C 0.90 Q.16 015
16:0 6.00 2.81 31.54
17:106C 0.2} 0.10 0.16
18:107C 18.0 12.2 408
18: luTT} . 0.34 0.25
18:1w5C 0.44 0.35 0.39
18:0 4.65 4.86 453
McOI1R:0 . . 0.49
IIMcIB:Iw()} 108 ‘} 6.78 * 2.80
10Mel8: 106 . . 2.70
cyl9:0 68.6 518 59.1
brcy20:0 1.09 0.63
cy20:0 12.2 12.2
13Me020:0 115 1.43
12Me(220:0 1.24 1.42
brcy21:0 2.62 3.00
21:0 2n 1.25
Final pH 255 238 2.65
Yield (g/1) 20 1.34 0.87

carbon acids as well as the 2l-carbon acids in-
crease as the incubation is prolonged.

5. DISCUSSION

5.1. Structural identification of unusual PLFA from
Thiobacillus spp.

The unusual fatty acids from the phospholipids
of the Thiobacillus spp. were tentatively identified
from their retention times when compared to
authentic standards. To define the structure of the
PLFA, derivatives were made and the structures
confirmed with their fragmentation patterns utiliz-
ing EIMS.

Previous work has emphasized the importance
of the position and conformation of the double
bond in monoenoic PLFA in defining specific
groups of microorganisms. Gillan and Hogg [22]
used the position of unsaturation in monoun-
saturated FAME 1o classify sedimentary micro-

organisms into ‘chemotypes’. Nichols et al. [23.24]
found unusual patterns of unsaturation in the
PLFA of the methane-oxidizing
bactenia and the pathogen Francisella tularensis.
These *signature’ patterns were sufficiently unique
for detection of these organisms in environmental
samples [23.25). Guckert et al. [20] used changes in
the proportions of monoenoic PLFA with defined
positions of unsaturation to indicate the shifts in
the benthic marine microbiota from aerobic to
anacrobic growth. In a fater study. Guckert et al.
{26) showed the accumulation of rrans monoenoic
PLFA correlated with the starvation response in
Vibrio cholerae.

Two methods of defining the position of un-
situration in PLFA have been utilized. The data
in Table 1 show that both derivatizations con-
firmed the position of the unsaturation. The un-
usual unsaturation positions of « 5. 6. 8 10
together with the common w 7 and 9 were all
present in the PLFA of the acid-producing
thiobacilli. Iso and mid-chain- branched monoun-
saturated with w 5 and 6 unsaturation were also
detected (Table 1).

Cyclopropane fatty acids can be defined by
creating the 2 mid-chain methyl branched isomers
by hydrogenation of the cyclopropane ring in acid
at elevated hydrogen pressure [20). Cyclopropane
rings are formed from monoenoic esters of specific
phospholipids in the membranes of bacteria [27].
Their formation with the concomitant decrease in
monoenoic PLFA occurs in monocultures that
undergo metabolic stress such as stationary phase
growth [28]. The same phenomenon has been de-
tected in the benthic marine microbiota [26].

Mecthoxy PLFA are extremely unusual in mi-
crobiota. Great care must be taken to prevent
their artifactual formation feom cyclopropane fatty
acid esters. Acid hydrolysis in methanol leads to
the formation of methoxy derivatives of cyclo-
propane fatty acids {29]. The decreased yield of
cvclopropane fatty acids in bacterial lipid prepa.a-
tions formed with acid hydrolysis has been known
for a long time {30]. A methoxy fatty acid has
been defined by GC/MS in the lipopolysac-
charide-lipid A of Thiobacillus ferrooxidans [31]. It
was this paper that encouraged us to examine the
lipids of other Thiobacillus spp.. using the mild
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atkaline methanolysis procedure. for signature
PLFA that could be utilized in environmental
studies.

Hydroxy fatty acids show retention time shifts
after formation of TMSi ethers and give the dis-
tinctive fragmentation patterns with GC/EIMS
described in Table 1. Both mid-chain and 2-OH
and 3-OH acids were detected in the PLFA of the
acid-producing thiobacilli.

5.2. Definition of unique PLFA

We believe this work provides the first docu-
mentation of the presence of 10- and 11I-
Mel8: 1w6. cyl9:(%8.9), 10- and 11-MeO18:0.
12- and 13-MeQ20:0. 2-OHcyl16:0, 2-OHcyl8: 0.
and 11-OH and 13-OH19:0 in the polar lipids of
bacteria. Knoche and Shively [6] reported 2-
OHcyl19:(w7.8) in the ornithine PLFA of T.
thiooxidans.

5.3. Differentiation between species of Thiobacillus

Five species of acid-producing thiobacilli form
patterns of PLFA that possibly could be utilized
to differentiate between them (Tables 2 and 3).
The two strains of T. thicoxidans show dillerent
patterns particularly in the nonhydroxy PLFA
(Table 2). However both T. thivoxidans strains
show high proportions of 2- and 3-OH 16:0 and
2-OHcy19:0 in the PLFA. The presence of high
levels of a cyl9:0 in the lipids of T. thivoxiduns
was noted by Levin [4]. Based on this study the
presence of elevated levels of cyl9:(w8.9) in the
PLFA is so distinctive in some strains that it
might be termed ‘thiobacillic acid’. Levin [5]
showed that the addition of traces of biotin greatly
increased the proportions of the cyl9:0 if T.
novellus were grown autotrophically with thiosul-
fate or heterotrophically with lactate or glucose
but not with citrate or yeast extract [S]. It should
be noted, however, that both T. neapolitanus strain
B-2 and T. thiooxidans strain K-6 utilized in this
study contained onlv small amounts of this acid.
Many more strains of these species and of other
species of thiobacilli will need to be examined to
establish that the PLFA patterns can be utilized to
define the role of specific species in environmental
samples.
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The use of patterns of PLEA to define the
community structure of nuicrobial consortia have
been atilized to show detrital succession. the effect
of disturbance. or predation in marine sediments,
the response to subsurface aquifer pollution and
in environmental effects testing. The effects of
shifts in the microbiota biofouling and corrosion
studies have also been reviewed [32 35).

5.4 PLEA n the defimition of nucrobial nutritional
Status

The data ain Table 3 indicate that prolonged
wcubation of T, acidophilus results ain a great
increase in the “unusual® long chain cvelopropane,
methoxy-branched and mid-chain-branched mo-
noenoic fatty acids. Preliminary experiments have
shown that a number of these * unusual® fatty acids
can be readily detected in concrete samples ex-
posed to these organisms [36] suggesting that they
exist predominantly in the stationary phase in
nature. Guckert et al. [20] were able to show
higher relative proportions of cyclopropane as well
as « 7 and trans monoenoic PLFA in the sta-
tionary phase ol anaerobic cultures in manipu-
lated microcosms. Branched-chain PLFA accu-
mulated in the aerobic stationary phase [20}.

5.5 Rale of acid-producing thiobucilli in biodegrada-
tions

The correlation between the degree of biode-
tertoration of concrete and the activity of acid-
producing Thiobacillus spp. has been shown using
classical recovery and culture techniques [1.37].
Preliminary evidence from both corroding sewer
svstems and from a continuous culture apparatus
designed to test the resistance of concrete samples
to  the corrosive activities  of  acid-producing
bacteria shows that the degree of biodegradation
appears to correlate with the presence of ‘sig-
nature’ PLEA of the acid-producing Thiobacillus
spp-. particularly 70 thiooxidans  [1.36.37). The
methodology described here will allow examina-
tion of an entire microbial ecosvstem so the inter-
actions hetween the acid-producing thiobacilh and
the other organisms that potentiate their corrosive
activities can be defined {3839
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Determination of monounsaturated fatty acid
double-bond position and geometry for microbial
monocultures and complex consortia by capillary

GC-MS of their dimethyl disulphide adducts
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Summary

Monounsaturated fatty acid double-bond position and geometiy have been determnned lor microbial
monocultures and complen microbial consortia by capillary GC-\S of then dimethyl disulplide (DMDS)
adducts. The technique has permitted (/) chromatographic separation and positive adentification of
adducts derived from cis/trans isomers, (/) characterization of long-chain monounsiaturated componcnts
(up 10 26: 1), and (i1} the identification of a wide range of monoun<aturated components derived from
methanotrophic soil material. The methanotrophic soil sample contaned 4 igh relative proporion of
the novel phosphalipid ester-linked faty acid 18:1310¢. The DMDS procedure otters a simple and rapnd
approach that can be routinely applied to microbial fatty acids denised trom covironmental samples and

monoculiures.

Key words:  Biological markers — Community structure  Gas chiromuatographyv-mass spectrometry -
Monounsaturated faity acids - Structural verification

Introduction

Precise determination of monounsaturated fatty acid double-bond position and
geometry is essential for the correct interpretation of comples data sets, in order that
membrane fatty acids can be used as biomarkers in the ficlds of taxonomy, ecology,

*  Present address: CSIRO Manne Laboratories, Division of Occanograpby, GPO Box 1838, Haobarr,
Tasmania 7001, Australia
**To whom reprint requests should be addressed.

06T - TO12/86/5 1.50 - 1986 Elsevier Science Publishers BY  tihomedicad 1hiviaom




SO

orgamie peochenstey and  chimcal nictoboloey. A number o dernvatization
procedutes have been applied to sedimentauy and nucrobally derved tans acds o
achieve structural adenntication {1 5] These methods are not, howeser, apphed
routinely to environmental and nucrobial samples Tor aovanety of reasons, such as
lengthy sample workup, the method's tatture to provide data tor tone-chann (ercater
than 24:1) components, and the degree of ditticalty an interprenne relative
propornions ol s and fraes 1somers,

A single-step derivatization proceduie folloned by eas chromatography-mass
spectrometry (GC-MS) involving the simple and capud todine catalvzed addition of
dimethyl disulphide (DNDS) 1o hincar alkenes has secenthy been reported [6],
Sinularly, the DMDS addition has also been used in the wdenntication ol standard
monounsaturated acctates and fatty acid methyl esters derived trom pheromone
extracts of moth species [7]. The latter application achicved chromatographic
separation of adducts derived from ¢is and trans 1somets.,

In this report we present data obtained by means of the DNDS procedure for
monounsaturated fatty acids from microbial monocultures and complex soil
consortia. Structural confirmation has been performed by capillary GC-MS of the
adducts. The main criteria for the sclection and use of this method were (1)
conflirmation of double-bond configuration for relatively novel monounsaturated
fatty acids isolated from soil samples, (i) distinction between as and rans isomers,
(#1i) identification of long-chain monounsaturated, 24: 1 and 26: 1, fatty acids from
a marine alga, (/v) the absence of contaminating byproducts, and (v) tow cost and
convenience of the reaction. The method has permitied the achievement of these
goals,

Moaterials and Methods

Sample preparation

Sample extraction, [fractionation of total liprd, and methvliation of the
phospholipid ester-linked fatty acids were as previously reported [8]. No further
separation of the resulting methyl esters was required for this analysis.

Gas chromatography

Fatty acid methyl esters (FAME) were taken up in hexane  with
methvinonadecanoate (19:0) as the internal injection standard. Separation of FAME
was performed by high-resolution gas chromatography with a Hewlete Packard
S880A gas chromatograph (GC) equipped with a flame ionizaton detector. Samples
were injected at 50°C in the splitless mode with a Hewlett Packard 7672 automatic
sampler onto a non-polar cross-linked methyl silicone capillary  column
(50 m x 0.2 mm, i.d., Hewlett Packard). The oven temperature was programmed
from 50 to 160°C at 10°C per min, then at 4°C per min to 300°C. Hydrogen was
used as the carrier gas (I ml/min). The injector and detector were maintained at
300°C.

Temtative peak identification, prior to GC-MS analvas, was based on comparison
of retention times with those obtained for standards from Supelco Ine. (Bellefonte,
PA) and Applied Science Laboratories Inc. (State College, PA)Y and previously
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identitied Laboratony standards. Peak arcas were quantified with o Hewlerr Packard
3350 senies progranumable labotstory data systent operated with anomternal standad

. -

progiam.

Guas Chromatography-Aass Spectrometry (GC-AMS)

GC-MS analyses were performed on a Hewlett-Packard S996A system titted with
a direct capillary inlet. The same column type described abosve wits used tor analyas.
Samples were injected in the splitless mode at 100°C with a (1.5 nun venting time,
after which the oven temperature was programmed to 300°C at cither 3 or 37 per
min. Helium was used as the carrier gas. MS operating parameiers were: clection
multiplier between 1300 and 1400 V, transfer line 300°C, source and analvzer
250°C, autotune file DEFTPP normalized, optics tuned at m/7 S02, electron impact
energy = 70 eV. Mass spectral data were acquired and processed with a Hewlett
Packard RTE-6/VM data syvstem.

Determination of fatv acid double-hond configuration

The DMDS adducts of monounsaturated FAME were formed according to
methods similar 1o those described by Dunkelblum et al. [7] to locate the double-
bond positions. A higher temperature was required to achicve complete reaction than
reported for the monounsaturated acetates [7). Samples in hexane (SO gd) were
treated with 100 ;4 DMNDS (gold abel, Aldrich Chemical Co., Milwaukee, WH and
1 -2 drops of iodine solution (6% w:v in diethyl ether). The reaction took place in
a standard 2 ml GC vial (Varian Assoc. Inc., Sunnyvale, CA) fitted with a wellon-
lined screw-cap lid. After reaction at 50°C in a GC oven for 48 h, the mixture was
cooled and diluted with hexane (500 ul). lodine was removed by shaking with 3%
(w:v) aqueous sodium thiosulphate (500 gl). The orgauic layer was removed, and the
aqueous layer reextracted with hexane :chloroform (4: 1, v:v). The combined oreanic
layers were concentrated under a stream of nitrogen prior to subsequent GC analysis.
GC-MS analysis of the DMDS adducts showed major ions attributable to
fragmentation between the two CH,S groups located at the original site of
unsaturatian (Fig. 1). Discrimination between ¢is and trans geomectry in the original

CH,yS 0

NNNNVAA
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monounsaturated FAME was possible. The erythro isomer (originally the rrans fatoy
acid) cluted after the threo isomer (originally the s fatty acid) under the GC
conditions emploved (Fig. 2). The different positional isomers of the same geometn
were chromatographically separated under the conditions used in this study.
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Fatry acud nomenclature

Faty acids are designated by total number ol carbon atoms:mmumber of double
bonds. followed by the position of the double bond front the carboxylic (3) end of
the molecule. The suffixes ¢ and t indicate ¢fs and trans peometry. The prefixi refers
10 iso branching.
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Results and Discussion

The DMDS adducts of monounsaturated FAMLE isolated from a methanotrophic
soil column [9). Pseudomonas atlantica (a slime-producing bacterium) and Nitzschia
cvlindrus (a marine diatom) have been analyzed by capillary GO and GC-MS.
Characteristic ion fragments for all monounsaturated FAME are shown in Table 1.

One major criterion for the selection of this technique was achievement of
chromatographic separation of c¢is and rrans acid adducts. A concurrent project in
this laboratory has aimed to determine the physiological conditions under which
bacteria produce rrans fatty acids (Guckert and White, unpublished data). A simple
and rapad technique that perntitted positive identitication ot double-bond position
and geometry and quantification of the two geomettical isomers was requited. A
reconstructed  ion  chromatogram  showing the  DMDS  adducts  of  the
monounsaturated FAME from P atlantica is illustrated in Fig. 2. Separation of the
adducts of the three cis/trans pairs, 16:129¢ and t, 17:139¢ and t, and 18: §Allc and
1, occurred under the chromatographic conditions cmploved for this GC-MS
analysis, Better resolution for samples containing overlapping components (whese ~
one geometrical isomer dominated) was obtained Dy GO amalvsis using hydrogen as
carrier gas. We have also noted a further increase tn component reselution when a
slightiv. more polar OVIT01 column is used.

Application of the DMDS method 1o the long-chain monounsaturated
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CHARACTERISTIC MON FRAGMENITS OF DERIVATIVES FORNEDY BY RENCTION (1 11}
CHOSPHOUIPID MONOUNSATURATED FATTY ACIHD MUBIINYE ESTERS O NICRORBI AL
MONOCUETURES AND CONSORPIA WIHTH DINMETHYD DISUTPHIDE (DNMDS

bakty aced Rt* Peak lon fragments (o0 2) of DNIDS addes

metha ester number® -
M w-fragment A Haement’ ATITIRNS

LRV 179 : N \M
it 1A 19 74 - h Ay
6 1370 RIS} AN
1601 AXe 040 2 A}
16: 139 2043 1" N,
16 1A% 20.52 A H
16:13 Hk 20 82 N
16:1311¢ 20.64 < \M
16131 h 20.77 \l
t17:139¢ 21.69 2 \
17:139¢ na A [\
17139 .88 A R "
18 139¢ hERY] 2 I,
18: 1310k 2457 X \
IR 13t1¢ 24.64 k 245 P
(LAY 2476 ] 248 [
1R 1313 24.R6

240303 16.07

240315 616

26:1318¢ 19.69

ROE RS NIS 979

* Retention e,

* Peak numbers refer to Fig, 2,

< w-Fragment indicates fragment ancluding aliphatic end of the molecule

+ A-Fragment indicates fragment including carboxylic end of the molecule

+ -, Not detected in GC-MS analysis because of insulficient sample material

' Sowsce of lipid: M, methanotrophic soil column; P, Psendomaonas atluniica, N, Nusselua eviedrus

phospholipid FAME of N. cvlindrus confirmed the presence of 24: 1313, 24: 1415,
26:1A15¢ and 26:1A17¢c. The DMDS procedure has previousts been applied (o the
acetates of monounsaturated fatty acids ranging from 12 to I8 carbon atoms long
The data, presented here extend the reported working range of th method (o
monounsaturated fatty acids containing 26 carbon atoms The use of shorter
capillary columns than those utilized in this study will extend this range turther. The
procedusc reported  here  will  permit  the identificanion  of  long-chain
monounsalturated fatty acids from the pathogenic bacterium /runsicella tularensis.
This bacterium has been previously reported to contain long-chiin monounsaturated
acids up 10 26: 1 {10, 11]. Similarly, we plan to apply the procedure routinely to the
identilication of long-chain components isolated from Antarcuc benthie organisims
and sediments, Qur preliminary studies have indicated the presence of several of
these relatively novel long-chain monounsaturated componcenis tunpublished data)
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A turther test of the DMDS and sabsequent GO NS procedire, amalhvas o
FANME obruned trom the phospholipid fraction of o sorl column exposed to nagarad
eas {95% hndrocarbons, 77% methane {9]) was undcertahen Lable Talbso mctudes the
sinteen monounsaturated FAMIE that were positively idennticd i the sorl miaternial,
Fhe confirmation of the rarcly reported tatty acid 8 12100 by e spectiometn y
(Fig. 1), as the major monounsaturated component in the phosphohpud traction, s
consistent with the enrichment of a mcthanotrophic populatton. This component,
1o our knowledge, as ver has only been reported as a misjor phosphohipid ester-linked
fatty acid in Methvlosinus trichosporiom [12, 13]. Facther mierprctation of data
obtained on tatty acids, including other monounsatmates, present m the sorh sample
could permit a more complete understanding of the nucrobial connmumity stracture.

Use of the DMDS derivatization procedure followed by GO-MS analvas otlens @
sumple and rapid method for the determination ol monounsaturated tatty acid
double-bond position and geometry. The method has pernntied chromatographic
separation and positive identification of cis/trans isomers, fong-chan components
up to 26: 1, and several refatively novel components from a complex environmental
sample. These separations  and identifications e prciequisites to the full
exploitation of fauy acid profiles. Although polvunsatwated FANE are sinnlarly
derivatized by this procedure, the chromatographic conditions used for this study did
not perit clution of these DMDS adducts. The data presented indicate that the
DNMIDS procedure can be easily and routinely applied 10 monounsaturated latty acids
derived from microbial monocultures and complex consortia.
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1. SUMMARY

The extractable ester-hinked and the hpopoly-
saccharide (LPS) normal and hydroxy {atty acids
of the methylotrophic bacteria Methviosinus tri-
chasporium OB3B, Methylobactertum organophium
XX. grown on methane and methanol. Mb.
organophilum RG and -Methvlomonas sp. were
analysed by capillary gas chromatography - mass
spectrometry (GC-MS). Precise monounsaturated
double bond position and geometry was  de-
termined by GC-MS analysis of the derivatized
fatty acids The three species were readily dis-
tnguished based on the extractable fatty acid and
LPS hydroxy acid profiles. Type | and Type Il
methylotrophs can be separated based on the pres-
eace of 16-carbon and 18-carbon monoenoic fatty
acids in the two groups of organisms, respectively.
Relatively novel components, 18 loBc. 18 1wkt
18: 1wt and 1R lwbe were present i My (re-
chosportum.  and 16 - lw8c. 16 lwl. 16 lw?t,
16: 1w5c and 16 - 1wSt weve detected i Methyl-
avemas sp. These specific hpids may be used.

gether with ather components. as sigmatures for
these  methviotophic bactena i mampelated
laboratory and cnviconmental samples

2. INTRODUCTION

The nteractions of aerobic and  anacrobic
bactenia i aguatic sediments are extremely com-
plex (1], Methane-oxidizing bacteria occupy an
extremely important niche in blogeochemical cy-
cling [2]. Recent studies [3] have shown that a
large proportion of the complex carbon polymers
produced during photosvnthesis is anacrobically
degraded in sediments by consortia of micro-
orgamsms 1o vield methane  The methane pro-
duced s mineralized 1o carbon dioxide at micro-
aerophilic sites by a group of methane-oxidizing
organisms that may be important in nitrogen (ixa-
tion (4]. The estimated 1-10% of the methane that
escapes into the atmosphere s extremely im-
portant in the greenhouse effect [S]. Recognition
of these facts suggests that methods to identifly
and guantify the presence of methane-oxidizing
bactertn would be extremely useful.

Bochenucal methads  that quantitatively  re-
cover and measure cellular components have been
successfully applied to a wide range of environ-
mental samples Microbal iiomass and commun-
iy strocture can be determimed by measurning
propecies commaon to all cells and adentilving
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speathic signature o hiotogacal marker hpads e
specnively {6 9] The advantages of chenucal pro
cedures. when compared with clissical enumera-
ton procedures, hitve been described [6).

Spectlic signature iprd components have been
reported for 4 number of metabolic groups of
anacrobic bacteria. The  methane-producing
bacteria contamn di- and tetra-phytanyl glveerol
cther phaspholipids [10]. The potential for the
analysis of ether hipids has been demonstrated [11]
Similarly biological marker branched chain mono-
unsaturated and midchain methyl branched fatty

acids have been found in sulphate-reducing
bacteria [12.13).
The methane oxidizers or  methylotrophic

bacteria utilize methane and bhave been detected in
a variety of natural environments {14}. In the few
reports available on the lipid composition of meth-
ylotrophs, a number of unusual lipid componenis
has been noted in the extensive membrane systems
in these bacteria [15). Methane oxidizers have been
classified into two groups [16] on the basis of the
type of intracytoplasmic membranes they possess
and of the metabolic pathway for the utilization of
C, compounds. 4-Methyl and 4.4-dimethyl sterols
containing an unusual ring double bond at the
A% position were isolated from Methylococcus
capsulatus [17). Makula [18]. in the first report of
do6uble bond positional isomers in both group |
and Il methane-utilizing bacteria, detected crs and
trans 4%, &°. A'° and A" wmonounsaturated fatty
acids in 4 organisms.

The overall aim of this study was to provide
specific lipid components which may be used to
monitar for methane-oxidizing bacteria in
manipulated laboratory and field samples. The
normal and nonhydroxy fatty acid composition of
three methylotrophs is reported here, to extend the
range of signature lipids for this group of
organisms.

3. MATERIALS AND METHODS

3.1. Bacteria and cudture conditions

Methviomonas sp. strain 761 was isolated from
a pond in a rice field in South China [19) Ths
bacterium is an unusual type I methanotroph that
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assihaes tormaldebyvde via the hevulose imono-
phosphate patliwas but, unlike other tvpe | meth-
slottophs, it possesses a complete tnicarboxylic
acrd avele (0] Cells were grown with methane as
the sole carbon and energy source [20]

A organopluhon sttams XX and RGLoare
tacultanve tvpe H methanotrophs, and were grown
m AMS basat satts mediam [21] with an atmo-
sphere of methane and ar (1:4, viv) or with
methanol (0.1, w vy an the absence of methane.

M trichosporium OB3B (22]. was grown in the
AMS medium under the same conditions as Mb.
vrganophilum XX,

Al cultures were grown at 30°C and harvested
by centrifugation at 10000 % ¢ for 15 min (4°C) in
an RC-S  superspeed  refnigerated  centrifuge
(Dupont  Instruments Co. Newton. CT) and
washed twice in potassium phosphate buffer. pH
7.0. by centrifugation.

3.2 Lynd extraction and fractionation

Lipids were extracted with CHCl,-MeOH (2: 1.
v /v) from lyophilized cells (50-100 mg) in glass
test tubes fitted with teflon-lined screw caps. The
extraction was repeated and the combined extracts
were partitioned with distilled water. The lower
CHCl, laver. containing the total lipid material,
was collected. Total lipid was separated into 3
general classes: neutral, glyco- and phospholipid.
bv silicic acid column chromatography [23.24].
The fractions were collected in test tubes. dried
under a stream of nitrogen, and stored at —20°C
until further analysis. The mild alkaline methano-
Ivsis procedure [25] was applied to the phospholi-
prd-contaiming  methanol fraction. Lipopolysac-
charide (LPS) normal and hydroxy fatty acids
were obtained from the solvent-extracted cellular
residue using the method described by Moss [26].

13 Gas chromatography

Fauy acid methyl ester samples were taken up
in hexane with methylnonadecanoate (19:0) as the
internal standard. Initial wdentification of individ-
ual nwormal and hydroxy (as the corresponding
IMS) ethersy fatty acad components was per-
formed by high resolutton gas chromatography
using a4 Hewletr Packard SKROA gas chromato-
graph cquipped with a flame wonizauon detector.
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Samples were mpected ar st Coan the splitless
mode on a non-poblin. crosshnhed methyl sihicone
capetlioey column (S0 m = 02 aun vd . Hewlens
Packard) The oven was temperatare programmed
from 50°C 1o 1607C 4t $°C per nun, then at 27°C
per nun to 300°C Hydrogen was used as the
CUATTICT gats.

Tentative peak wdentficaton. pror to GO MS
analysis. was based on companson of retention
umes with data for standards obtamed from
Supelco Inc. (Bellefonte, PA) and Apphed Science
Laboratonies Inc. (State College. PA) and previ-
ously identified laboratory standards. Peak arcas
were quantified using a Hewlea Packard 31350
series programmable laboratory data system oper-
ated in an anternal standard program. Replicate
analyses were performed for Ms. trichosporium
and Mb. organophilum XX (grown on methane
and methanol). Fatty acid compositional data re-
ported for these 3 samples is the mean of the 2
analyses. Standard deviations for individual fatty
acids were in the range (0 30%, typically < 5%.

3.4 Gas chromatography -mass spectrometry
GC-MS analyses were performed on a Hewlett
Packard 5995A system [litted with a direct capillary
inlet. The same column type as the one described
above was used for analyses. Samples were in-
jected in the splitless mode at 100°C and the oven
was programmed from 100°C to 300°C at 4°C per
min. Hydrogen was used as the carrier gas. MS
operating parameters (peak finder and SIM modes)
were: clectron multiplier 1400 or 1600 V. transfer
line 300°C, source and analyser 250°C. autotune
file DEFPP normalized. oplics tuned at m/z 502,
MS peak detect threshold = 300 triggered on total
ion abundance, electron impact energy = 70 eV.

3.5 Deierrunation of fauy acid double bond con-
Jiguration

Monounsaturated fatty acid methyl esters were
converted to their corresponding diols by reaction
with osomum tetroxide followed by the previously
reported sample work-up [24.27). GC-MS analysis
of the bis-trimethylsilyl ether derivatives of the
dihydroxy fatty acids showed major ions attributa-
ble to fragmentation between the derivatized hy-
droxy groops (Table 1), Discrimmation between
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Fatsde

Moncamvatarated Ly aods G mctome oadizny o rohbee
and e Chuactensie won fragments of densateoed dibvdross
atron preducts formed by reaction of the ity aoids waith

i tetgonade

Pasent aond fon teapments om 21 of dibvdeons

termetintaiv) cthers

w-ragments I leagments
(R0 W ns ny
161X A3} as
e le? tR7 289
16 Vet 159 IRT
17 lwK 2008 288
IR fwy NS 259
IR lwX 201 M
(LT %7 R
[R.30 FRY [ RA) W01

Y Includes v and trans geometnical isomess

* w-Fragments wandicates (ragment ncluding abiphatic and of
the maolecute.

¢ d-Fragments indicates fragment includimg carbosyl end of
the molecule

s and rrans geometry of the double bond in the
onginal monoenoic fatty acid methyl ester 18 possi-
ble using the ditrimethylsalyl denvatives. The
erythro tsomer (originally the cis fatty acid) elutes
after the threo isomer (originally the trans fatty
acid). The different positional isomers of the same
geometry were chromatographically separated un-
der the GC-MS coaditions used in this studv.

3.6. Fauy acid nomenclature

Fauy acids are designated as total number of
carbon atoms: number of double boads followed
by the position of the double bond from the
w(aliphatic) end of the molecule. The preflixes 1
and a refer to iso and anteiso branching respec-
tively and the prefix OH indicates a hydroxy group
at the position indicated. The suffixes ¢ and t
indicate s and rrans. The 4 nomenclature system
for fatty acids indicates the position of the double
bond from the carboxvl end of the molecule.

4. RESULTS

J I Phaspholiped and PN fatn aad concentrations
[he cancentration of phosphohmd ester-hinked

)

vy X ) \ ECOCUERY
A AR 1 4 LT ‘»":“" A TR NiRNpNe)



RA

normal and LPS normal and hydroxy fatty acids
in  Methylosinus  trichosporium and ~ Methylob-
acterium organophilum XX grown on both methane
and methanol (Tables 1, 2 and 3) were essentially
equivalent. The phospholipid normal fatty acids
were in the range 45-60 pmol/g (dry weight basis)
for the two bacteria. This is typical of many
eubacteria [28). The concentrations of LPS normal
and hydroxy fatty acids in these two organisms
were determined to be between 0.35-0.55% and
0.12-0.77%, respectively, of the phospholipid es-
ter-linked normal fatty acids. Phospholipid hy-
droxy (atty acids were not detected in any of the
bacteria analysed.

Table 2

Extractable normal (atty acids of methane-oxidizing bacteria

M. trichosporium and M. organophilum, grown on methane, also contained trace amounts of i and al5:0 and 17:0. Methylomanas sp.

P ——— e~

4.2 Newtral pnd companents

A number of vmdenufied cychic components
was detected, by GC and GC MS analysis, in the
ncutral hipid-containing chloroform fracton. Fue-
ther work is planned to determine the structure of
these components and to assess their potential o
act as signatures for these methylotrophs.

4.3. Extractable normal fauty acids

The phospholipid ester-linked fatty acid pro-
files of the 5 cultures of methane oxidizers fall in
the 14-19-carbon range (Table 2) typically found
in bactenia {29.30). The 3 species analysed each
showed distinctive fatty acid profiles, with several

(unfractionated lipids analysed) also contained TR amounts of 14:1 (2 isomers) and 15:0 (0.8%).

Fauy Percentage composition *
acid Tvoe
ype Type Il
Methylomonas Methylosinus Methviobacteriunt Methylobacterium
sp. 761 trichosporium 0B3B organophilum XX organophilum RG
(Methane *®) (Methane) (Methane) (Methanol) (Methane)
14:0 179 TR TR - -
161w TR - - - -
16:1w8c 30.0 - - - -
16:1wBt 15 . - - - -
16:1wc 178 90 TR TR -
16: 1wt 56 1.1 - - -
16:1w5c 163 - - - -
16: 1w5¢ 02 - - - -
16:0 . 7.0 16 1.6 22 24
17: 1w8c” - TR - - -
17:0 - - 06 0.3 1.0
18:109% 0.3 - 04 TR 0.6
18:1w8c - 492 - - -
18: lw8t - 93 - - -
18:1w7c LS 251 893 86.7 837
18: 1wt - 20 33 34 18
18: lwbc - 19 - - -
18:0 0.5 08 5.0 74 104
cis /trans 9.0 6.9 217 255 46 R
Total
mmol/g © ND 45 60 66 ND

TR trace < 0.1%; ND, not determined.

* Fatty acid composition is expressed in terms of the percentage of total acids

® Carbon source.
* Dry weight basis.
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novel components detected v My, tnichosporium
and Methylomonas sp. (Table 2).

Ms. trichosporium  contained  higher  relative
levels (approx. 90% of the total fatty acids) of 18
carbon monounsaturated components (Table 2),
The acids in decreasing order of abundance were:
18: lw8c. 18:lwlc, 18:l1w8t, 18:1lw?t and
18: lwbc. Positive identification of these compo-
nents, in particular the rarely reported 8 and 6
isomers, was only possible after derivatization of
the parent acids and subsequent analysis of the
products by GC-MS.

Methylomonas sp. 761, the only group |
organism analysed in this study, was readily dis-
tinguished from the group Il bacteria (Table 2).
This bacterium contained a high relative abun-
dance of 16 carbon monounsaturated components
(71% of the total fatty acids), in contrast to the
major proportions of 18 carbon monounsaturates
present in the group II bacteria Mb. organophilum

Table 3

w

thath stramsy and My mnichasporium The mono-
unsatuiates found i AMerhivlomonas sp.in decreas-
mg order of abundance were: 16 lw8e. 16 lwTc,
16 0 lwde, 16 lwTt, 16 lw8. 16 lwSt and
16 : 1w9¢. The saturated acid 14:0, not present in
cither group I organism, was also a major compo-
neat (18% of the total acids) in Methvlomaonas sp.

The phospholipid fatty acid profiles obtained
for Mb. organophilum XX grown on either methane
or methanol and Mb. organophilum RG were gen-
erally very similar (Table 2). The 18 carbon mono-
unsaturate 18 : lw7c¢, which is characteristic of the
anacrobic desaturase biosynthetic pathway, was
the dominant acid in all analyses (85-90% of the
total fatty acids). The next most abundant
components were 18:0, 18:1w7t and 16:0. The
fatty acid profile obtained for Mb. organophilum
was simpler than that obtained for the other 2
organisms, with only the 4 acids listed above pre-
sent at greater than 1% of the fatty acids.

Lipopolysaccharde normal (atty acid composition of methane-oxidizing bacteria

Fatty Percentage composition *
acid Type | Type ll
B Methylomonas Methylosinus Methylobacterium Methylobacterium
sp. 761 trichosporium 0B1B organophilum XX organophilum RG
(Methane ®) (Mecthane) (Methane) {Methanol) Methane)
14:0 6.2 7.1 5.0 11 -
i15:0 - 39 45 - -
als:0 - 11.0 28 - -
15:0 .- 22 03 08 - -
i16:0 . ~ 41 04 03 -
16: twic - 70 0.9 1.9 -
16: 1wt - TR TR - -
16:0 56.7 8.7 43 10 47
18: lw8c - 360 - - -
18: lwbt - 15.6 - - R
18:1wlc - 8.2 69.0 790 196
i18:1w - - 38 45 69
18:0 20 2.7 8.8 99 RR
Total
amol/g ¢ ND 40 55 3 ND

* Faity acid composition is expressed in terms of the percentage of the total normal acids

* Carbon wurce.
¢ Dry weight hasis.
ND. not determuned: TR, trace <0.1%
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i ) |'l;l{‘x'lll.lgk‘ caemposition !

dad Type d Tape ll
AMethvlomonas \it'llnlmmm
sp 76l trechonpoe o ORAR
(Mecthane) | (}\iclh.mc)

Aoy IR

A-OH 60 999 149

A-O1HIR © RS 1

Total

amol/g° ND k)

Methydoburc e Methylodui tecien

e anapluluee XN ereanapinium RGO

tMcthane) tMcethanal) NMuethane)
91 ot SUK
14 12 12
19 4 427 44 4
19 12 ND)

“ Hydroxy fatty acid composition expressed n terms of the pereentage of wtal hvdrow aads

P Carbon source
* Dry weight bass
TR, trace. < 0.1%; NI, not deternuned

4.4. LPS normal fauty acids

The LPS normal fatty acid profiles obtained for
M. organophilum and Ms. trichosporium were simi-
lar to the phospholipid profiles, although slight
differences were apparent (Table 3). In contrast,
Methylomonas sp., which contained substantial
amounts of 16 carbon monounsaturates in its ex-
tractable fatty acids, showed only saturated
straight-chain LPS fatty acids.

4.5. LPS hydroxy fatty acids

LPS hydroxy fatty acids were detected in all 3
species (Table 4). These findings. 10 our know-
ledge. represent only the second report of fS-hy-
droxy-dcids in methane-oxidizing bactenia and fur-
ther extends the range of Gram-negative organisms
in which 8-OH acids are found. In a previous
study [35]. B-hydroxy acids were not detected in
Ms. trichosporium or Mb. organophilum [35]. The
latter organism contained B-OH 14:0. The con-
stituent hydroxy acids of Methvlomonas sp. have
not been previously reported. The three S-OHN
actds detected in this study were: f8-OH 14:0,
B-OH 16:0and B-OH 18:0. The 3 genera analysed
were readily separated based on the relative fevels
of the 3 8-OH acids (Table 4).

5. DISCUSSION

The extractable normal fatty acids and LPS
normal and hydroxy fatty acids have been analysed
in detal using capillary GC and GC-MS. Mem-
bers of the genera Medwvlosinus. Methyviobacterium
and Merthviomonas have been distinguished based
on the profiles obtained. The finding of a number
of novel fatty acids. 18: lw8c. 18: 1w8t. 18: 1wt
and 18:1wbc in Ms. trichosporium is in accord
with previous work by Makula [18]. He detected
both ¢c1s and frans isomers 1n four organisms,
including Ms. trichosporium, each of which con-
tained 4%, &°. 4" and A" double bond positional
isomers. The double bond positions determined in
the previous study were expressed tn terms of the
total dicarboxylic (ragments obtained after per-
manganate-periodate oxidation of combined 16
and 18 carbon monounsaturated components.
Thus, direct comparison of the two analyses is
difficult. A higher proportion of rrans acids was
noted 10 Afs trichosporium by Makula [18] than in
our analysis. Vanations in the methodology or
more probably culture conditions {3132 may
account for ths trend.

The faty aad profile of the type 1 methylo-
toph, Medhvlomonas sp . was simalar to that re-
ported for Methvlococeus capsudarus VR 33 34} A
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distincnon of tvpe 1 team tvpe 1D methylotiophs
appears probable based on the ligher concentra
ton of 16 carbon type |
bactena. The methane-utihizing
bacteria tnto two groups hased on cellular fatty
acids has been reported [35). Those authors pro-
posed that the groupings showed a good correla-
tion o the membrane type. resting stage and DNA
base composition of methanc-utilizing bacteria se-
ported by Whittenbury et al. [22].

Methanol-utihizing bacteria have been previ-
ously disunguished based on their {atty acid com-
positions. Bacteria utilizing methanol via the serine
pathway (type Il) contained between 68-88% of
the esterified fatty acid as 18-carbon monoenoics.
whilst bacteria using the ribulose monophosphate
pathway (type I) contained higher portions of
16-carbon monounsaturates {36]. Although the
reasons for the differences in both phospholipid
and fatty acid compositions were unknown, the
authors suggested that the differences may serve as
another criterion for the classification of these
bacteria. The distinction of type | and [l methyl-
otrophs represents another example of the uselul-
ness of lipids, in particular fatty acids, for the
classification of bactena.

In the past, trrans-monounsaturated acids have
often been reported by organic geochemists in
recent marine sediments. It has been proposed that
these components origtnate from microbial and /or
abiological degradation of cis-mono- and polyun-
saturated fatty acids {37-39), or from direct
bacterial input {7,8,40]. The presence of significant
portions of trans monounsaturated acids in a
marine”bacterial isolate [41]. rumen bacteria [42).
Methylosinus trichosporium, Methviococcus capsul-
atus {18). and in the methylotrophs analysed in
this study is consistent with the view that a direct
microbial input of srans acids may occur.

The analyses reported here have revealed a
number of features. (i) The 3 bacteria studied were
readily distinguished, particularly when structural
vertfication of component monounsaturated fatty
acids was undcrtaken. (ii) The distinction of type |
and Il methylotrophs is possible based on fatty
acid compositional data (this study and {18.35]).
(1) LPS B-hydroxy fatty acids were detected in all
organisms, further extending the range of Gram-

monounsaturates an
separation  of
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NCEALNC organisms an winch these Ccatiipoients are
tound () Several vmdentfied evcbie components
wore found e the neatral bpsd fracnonsy of all
orpanisims stadeed (V) frans Fatis acids were de-
tected vl siamples togethes wath several novet (n
components Methane-oxadizimg bactera represent
a probable source of these speafic signiature com-
Methylo-
trophs are known to participate in the iotransfor-

ponents an sedimentany environments
maton of covironmental contaminants, such as
short cham chlornmated hydrocarbons [43.44). The
data presented here suggest that unique signatures
may serve as a screen for these orgamisms in
manmipulated laboratory and enviconmental sam-
ples.
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Phospholipid Ister-linked Fatty Acid Biomarkers of Acetate-oxidizing
Sulphate-reducers and Other Sulphide-forming Bacteria
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The phospholipid ester-linked fanty acids were exanined in tour Desulfobacter stens (2acY,
AcBa, Jacl0 and dacll), o Desudfobacter-like fat vibno™ (AcKo) and  Desulfotomactdum
acetoxidans (5575), which are all sulphate-reducing bactena that oxadize acetate. A thermophhe
sulphate reducer, Desulfocbrio thermophidio, and two sutphus-reducing bactee i, Desulfiromonays
acetoxidans (11070) and a Camprlobacter-ike spintlum (5175), were also studied. The
Desulfobacter spp. were characterized by signilicant quantities of 10-methylhexadecanowe acul

Other 10-methy! fatty acuds were also detected in Desulfohacter spp. No H-methyl Latty acids
were detected in the other organisims exannned, supporting the use of [-methylhexadecimnme
acid as a biomarker for Desulfobacter. High levels of cycloprapyl Lty acids, including two
isomers of buth methylenchexadecanoic {eyt 7:4) and methylencheptadecanoie tey 13 :0) acuds,
were also characteastic of Dewdfobacter spp. The mttuence of the volatife fatty acids (VEA)
propionate, isobutyrate, isovilerate and 2-methylbutynite on the Lipid Gatty aowd distribution
was studied with (wo Desulfobacter strains (2ac9, AcBa) and Desulfotomacutunt acetovidans
Although thesc sulphate reducers cannot oxidize the VEEA | their presence m the acetate growth
medium caused a shift in the fatty acid distribution in favour of odd-numbered and branched
chains by apparent direct incorporation into the tutty acids as chain mitiators ‘The Desulfobacter
strains were distinguished trom  other sulplude-forming bacteria by the percentage of
unsaturated and the percentage of branched Fatty acids.
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INTRODUCTION

Sulphate-reducing bacterias perform the terminal process in anacrobic degradation of organic
matter 10 aquatic envitonments. These bacterin onsdize low-AL compounds tormed by
fermentative hacterti and use sulpliate as teeminal aceeptor, the sulphate beamg redoced o
sulphide. In salphate-cich habiis such as manine seduncents, moce thaa fadt of the incoming
detritus may be mineralized via sulphite reduction (Jorgensen, 1977 1982, Sansone & Martens,
1982). It sulphate is absent or hanting, as i most heshwater sediments, the termnal
degradation step is taken over by methanogenic bacteriand then syntrophic partners (Hanat &
Nedwell, 1983 Winfrey & Zerkus, 1977, Stich & Schink, T9RS) Molecular bydiogen and acctate
are the two key mtermediates viae which dead hronss tnectomass) s channetled o culer
sulphate reduction or methanogenesis (Loveley er af | 1982, Sotensen e al | 1981 Wintiey &
Zeikus, 1977). Desulfovibrio spp and Desdfobuling spp are potentially hydiogenscavenping
sulphate reducers in nature (Boandis & Thauer 1981 Kostansson etal | 1982 Lavloe & Packes,
1985). In the laboratory, Desulforihe sppare usually coltivated on Lictate (Postgate, 1984),
witich is probably not i mugor anaciobie itermediate under natueal conditions Acetate iy
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Abbreviateny FAME fatty aad metint esters . VEA | vobatde fany sands
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oxudized by varous sulphiste-seducinp bactena (Plennye o al 1981 however, only o few
species of these, namely Desudfobacter sppand Desulfotomacutum acetasaduns, eatly prow well
on acetirte (Waddel & Plennge, 1977, 19810, Y and may, thereloie, be sigmificant acetite
oxidizers under natwal conditions. Desilfobacter postgater exdibits  ligh aflinity loe acetate
(Schénheiteral 1982 lngvorsen et al  1984) Desulfobacter spp wsually do not utilize hydrogen,
whieseas Desulfovibrio spp. an' N sulfobulbus spp cannot oadize acetate  Thas, theee ace
apparently tunctionally dist’  .ve groups of sulphate-reducing bacternia (Banat er al | 1981)

If clemental sulphur is | csent, this sy be used as termimal acceptor by sulphur-reducing
bacteria Jorgensen, 1982:  auth & Kiug, 1981). Mesophihic, eubacterial sulphur reducers that
oxudize hydrogen are repr sented by Camprilobacter-like spinlla (Wolle & Plennig, 1977,
Plennig & Bichl. 1981), and sulphur reducers that oxidize acetate by Desudfuromonas spp.
(Plennig & Bichl, 1976, 1981)

Quantitative assay of bactenial biomass and comnunmty stracture tn marine or other
scdiments requires methods that avord the problems associated with quantitiitive recovery of
bacteria from surfaces and selective cultaring proceduces (White 1983). Recent work has shown
that fatty acid analysis may be a powerful tool in the interpretation of microbial community
structure (Bobbie & White, 1980) as well as in microbial taxonomy (Minnikin et al., 1978). Few
articles detail the lipids of the sulphide-focming cubacteria, most being concerned with the
lactate-  or  hydrogen-utilizing  sulphate-reducing  bacteria  (i.e.  Desulforibrio spp. and
Desulfotomaculin spp.), which commonly exhibit branched monoenoic 1 7-carbon fatty acids as
major compaonents (Makula & Finnerty, 1974, 1975; Ucki & Suto, 1979; Edlund ef al., 1985;
Boon et ol , 1977). Taylor & Parkes (1983) investigated the cellular tatty acids of a Desulfobacter
sp. (strain dac ) utilizing acetate, & Deswdfodbus sp. (steain 3priQ) able to utilize propionate,
hydrogen or lactate, and a Desulfovibrio desulfuricans strain. The Deswulfobacter strain exhibited
high proportions of 10-methylhiexadecanoic acid (10Mel6:0). which had previously been
obscrved in anoxic marine sediments (Volkman et al.. 1980 Parkes & Taylor, 1983 Pecry et al.,
1979). Becausc of its absence in Desulfobtdbus and Desulfovibrio, 10Mel6:0 was proposed as a
biomarker for Desulfobacter spp. in these environments, Hitherto, saturated 10-methyl fatty
acids have only been observed in actinomycetes and related taxa (Kroppenstedt & Kutzner,
197R).

In this stady, we examined other Desulfohacter strains for 10Mcl6:0 to determine if it could
be of use as a more general hiomarker for that genus. The hydrogen- or lactate-ntilizing
thermophilic Desulfovibrio thermaphilus (Rozanova & Khudyakova, 1974) was included in the
study in order to compare its phospholipid fatty acids with those ot mesophilic Desulfovibrio spp.
Two representatives of sulphur reducers were also examined - the hydrogen-oxidizing
Campylohacter-like spirillum  S175 (Wolle & Plennig. 1977) and  the acctatc-oxidizing
Desulturomonas acetoxidans (Plennig & Bicbl, 1976) Fhe cffects of supplementing the culture
medium with volatile (atty acids (not required for growth) on the phospholipid fatty acids of
three acctate-utilizing strains werce also investigated.

.
-

METHODS

Bucterad sirams amd evlture methods The angns and nuteitional capacitics ot all the steanns examincd are listed
in Table §

‘The “fat vibrio  strain AcK o is a new isolate from an ammonia-limited freshwater enrichment on acetate. Strain
AcKoresentbles Desulfobo ter postgater in that itaces only acctate as clectron donos and its prow thas simulated in
trackish medin . however, AcK o has motle it vibrio-shaped cells, whetcas Deadfobaceer celis are vval to od-
shuped and scarcely motile in pure cultures

Ehe steans weee prawn i anactobic 2 htre patch cubinres in ticarbonate battered medea reduced wath satphide
and dithionite as described by Pleang or af (1981) 1 he robber-scaled culture bottles had sl pas phase of
1203 vV CO i N. The media were supplemented wth vitannns, but contaned no scast extract, chelating
agents o redox indicator Foo Desdfovibesr thermppinfie, ticarbonate was omitted and  the phosphate
concentetion was incecased leom 02 O R p KUH.PO, LY The stauns reqaired deflerent concenteations of NaCl
and MpCt 6100 0 theie mediac loc optinuad grow th the tespectine concemtottons wese s follows (b ') 1 Oand
O S tae Devdfotomaculum peetossdans, Desdfen ihe theemaoptulud ond gpantlom SEIS T and V2 boe Pevadtobae ter
postgaterand the tat vibrio AcK o, 20 60nd VO dor Dewdirrominas acetovidans and the Devdfohactee steanns AcBa,
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1818 N. ). DOWLING, I WIDDEL AND D ¢ WHITE

Rac H e dac it Aede foe subphate eeducers contaned XS st salphiate Deovoltogdie theomupdidus was prown on
pyruvite (filter-stenbized . pore wze 02 pom il concenteation 20 neel T oder (o facehitne hasvesting ot the
sulphur ceducers, they were grown on alternative purch oreanic coceey ot es spantthent SE75 was cultivated on
fomarate (30 mse, gradually added ducing grow i), Iy adtueomomis e ctondam on acetate (10 mmang) plus madate
(40 M, peadually added). Desuliobacter pavigater, Deslfobacter steain AcBa and Desidfotomacidiens acetasidans
were grown i duphcite caltmes on acetite, one of cac pan contammng. o addison, the following VEA (il
CONCCMEATINS 1 mat): propisnate () isohutveate O isenadeonte (1), Jmcthvlbutyeate (1) Al stcins were grown

i the dark ae their respective optimum temperatone CFable 1) and were hrietthy shiaken twice a day Celts were
harvested by contridagation at the end ofexponentid growth phase soad Ivophilized tor lipid exteaction

Lipwd exteaction and separation ipads were exteacted by amsdificd verston (White ot af . 1979) of the proceduee
ot Bhigh & Dyer (1959 Atter tecosers i hlortanm, the hpuds weee teactionated on o sificic acid colomm (Gehron
& White, 1983 Unisel (1 g, 100 200 meshy seliese aond Gotsvated st 1000 C 1 by was dunied into glass columns
with chlototorm Toral exteactable ipad was then apphed o ahe scicic e i 2 mbchtorotorm. Newtal lipids were
cluted with 10wl chlorotarm, glvealipids with 1t ml acetone and phasphadipids with 16 ml methanol.
Phospholipid solutions were cvaporated 1o devaess ander a streanm of mteopen and stored at - 70 C

Afcthanolysis of phospholipnd fatty acuds Phospholipids were dissotved in 1 st methaned toluene (121, v/v). 1 ml
0-2M-KON was added and the siimples were heated a1 37 C tor 15 min Sequential additions of 2 mi hexane,
0-Yel | M-acetic acid and 2 mb witer were made The biplasic misture was vortesed. and the hexine tupper)
layer. containing the fanty acid methyl esters (FAME), wits removed  The pactition agatast 2 ml hexane was
repeated. Combined hiexine fractions were deoed ander a stieam of nitropen and stored at - 707,

Thin daver cheamatography (11.0) Crude FAME were loaded onto a thin layer siticit gel (Whatman K,
028 mm, 20 x Xt em) plate Standacd methyl nonidecanmate was spotted anto end fanes on cach plate. Aftee
development of the F1LC plates in hexancidicthyt ether (1.1, viv) the end banes were spraved with 0-1°; (w/v)
Rhodamine to detect the staadard Aseas it R, values corresponding to the standands were seraped off and the
FAME cluicd from the silica with hevane 1he solvent was dried under a stecum of niteogen and the FAME taken
up inan appropriate volume of hiexane for gas chromatography. Methyl nonadecimante was added as an internal
injection standard .

Saturated and unsaturated FAME were separated on 1O phates as belore, but the plates were predeveloped in
20 g AgNO 60 ml water and 120 milabsolute ethanol in the daek Developmentand cecovery of saturated FAME
using an externat standard of methyl nonadeciinoate wis ws deseribed above

Determination of farty acid dowbde homd posion This was done by gas chiomatogiaphy mass spectrometry
(GO MSY anadysis of their Dicke Alder adducts (K sdwell & Bleman, 1982, s modificd by Nichols ef al. (19R85),
or of dimcthyl disulphide deensatives (Dunkelblum er of | 19KS)

Deternunation of fatty acid cvelopropyl position 1 his procedure was mendificd (rom McCloskey & Law (1967), and
Kaneshiro & Mare (1961) Cyclapropyl EAME Gipprocimately § mg) were hydropenated in the presence of PO,
Q2 nfg) and glaciabacetic acid (0-2 mb). under 275 kP HEL, while stiering with it glass coated magnetic stircing bar
for 20 h. The solvent was removed under mutropen, and the FAMEU were amaldyvsed by GO MS

GCand GC MS Gaschromatogeaphy was done on a0 Virian medel 1700 asing a flame ionization detector and a
non-polar cross-linked methyl silicone fused sshca capillary column (S0m v 0 2o i, Hewlett Packard).
Injector and detector temperatures were 250 Cand 20 7°C respectively The oven temperature was programmed
from 80 7C 10 130 7°C at 207C min ' then at 47°C i ' o 270 Cand then isothesmal tor 10 min Tlydiogen was
used as carrice gas at Mbem sec ' (lincae velocity ) Peak accas were integrated by a Hewlett Packard 3380 series
programntable Lthoratory date system opecated 1 an anternal stindasd programme made

Initial GO MS analysis was done on o Hewlert Packard S99SA cvstem litted with a dircet capillaey indet
(Nichols er ol . 19R%) Scveeal <amples weee abso amadysed with the foltowing GO MS paimcters: splitless
injection at 100 °C: the aven programmed from 100 °C o UM C atd C min ' helimas the carier gas: electron
multiplice 1300 140V ganstes ine UNE C o somce smd amdvser 299 C L antotune tile DETPP normalized ;
optics tuncd at miz SH3: MS peak threshold - W topggered on ot jon abuadance: clection impact encrgy
=T70eV Mice spectral ditt wese prowessed with o Flewlett Packand R1IE 6 VM data svstem
Tdeatiication of adivrdual Gty cnds selied apon GO retention time
ids for the

Criternt for the sdemificaton of 1AM
argentation THO <epaation of ancinnated and cvcined TAME  dencatization of monocnose
determinition of dontile bond posinons Gind the hvdiopenation of coddopropapeonps for nass specteal analysis of
the recuttant branched FAME Onpuat AR were alwo eiiomned by GO MS dnterpretation of mass specteal
data amd component identificietion was achieved by compaoson with pablahed data (Dinh-Ngaven er ol | 1961

Ryhage & Stenbapen, 1958, Rotweddes o of 1968 Camphelt & Nasoral, 1969y

RISUL IS

The phosphalipid ester-linked tatiy acud dictedbetians ol the Desudfobacter sppyand of all the

other sulplude-tormimg bacterc anabvaed e bisted e Tables 2 and Urespectively For case of




Table 2. Percentage phospholipid ester-inked fatty acids of Desulfobacter spp. grown on acetate
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Cultures ace numbered acvarding to Table U Futty acids are chasactenized by cham fength and position
of substitueats from the methyl () end. Thus 16: 1w 7c is wl-cis-hexadecenoic acid. tso and anteiso
FAME are methyl-branched one and two carbons from the methyl end. respectively Unsatusation may
occur in either cis () or trans (1) configurations. Ofher notation  1e, trace yuantities { <0-4%,), b,
multiple branching; SAT, unknown saturated fatty acid: o, FAME detected by double bond analysis
only, and nat quantitied; o, posiional data for double bond, methyl branch or cyclopropyl ring (cy)
based on GC setention time only (insuflicient sample was avintable for analysis). Cubtures § VEA were
grown with additional valatile Lty acid (inal concentration miny: propronite (2). isobutycate (1),

isovalerate (1), 2-methylbutyrate (1)

FAME

13:0
isold:0
anteisold 0
14:1w?
14: 1w$
14:0
briS:le
isol5:0
anteisol 5:0
15: 18
15: 16
15:1¢
15:0
10Mcl15:0
brl6: lwbce
isol6:0
anteisol6:0
16: 19
16: lwlc
16: 10Tt
16:1w$
cyl6:0e
16:0
isol7: lw?
10Mcl6:0
isol7:0
anteisol7:0
17:108 |
17: |m7.-
17: 106

cyl7:0u(w1/8)

cyl7:0be
brSAT.
t7:0
bri8:le
10Mel7:0
18: 109
18:1w?¢
18: 1M
cyl8:0:ue
cyl8:0be
18:0
bri9:1.
10Me(8:0
anteisal9: 0
cyl9:0.
Trace componenty
Beanched FAMI:

Unsaturated FAME

pmol (g dry wi) !

Culture na

A 1
) 1 +VFA 2 2 + VFFA ) q
tr e
tr 02 01 11 (18] 14
4
0-3 02 04 03 v
tr (13
95 2:4 4 94 R-8 13
(12 ] tr (L2 ] tr
89 16 26 87 2
40 01 19 02 (18]
a «
1-s 01 46 tr
02 tr
13 124 07 237 08 -4
4
t9 O}
01 12 ([ ] 09 06 02
53
1-4 -6 09 1-4 (1)
49 ha| 59 I8 71 -1
03 02 02 (4]
20 -3 18 61 18 14
1-8
RUIEY 19 186 7-4 258 127
o1 1-S (4] [13] 14 02
16-S 9-1 94 61 247 (B
02 -} w tr 1-4 02
02 -3 (3]
20 07 a
« [
[ 89 ‘6 o
244 100 273 (2R | 70 ot
26 08 02 26
- 05
02 29 (14 (R (13] 02
02 1-4 0} 14 "w
(i8] 24 2 04 (18]
02 (130 tr tr 04 [{B]
06 0s (1N ] AR ] a4
({3 (14
(B} (12 (LN}
04 45 [1X ] o2
3 03 [{N] 04 0 0?2
(18 ] 04 " 16 [§1]
0s
[{H] ({1 ] tr te (3
[N ] 06 ow? (] 14
02 [{H] 01 0?2 "2 ot
195 9s 122 270 41 s 151
109 214 9 195 191 46
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1820 N.J. E. DOWLING, F WIDDEL AND . C. WHITE
Table 3. Percentage phospholipid ester-linked fatty acids of a Dessdfobacter-like 'Fat vibrio®,
non-Desulfobacter sulphate reducers and sulphur reducers
For definition of abbreviations sce able 2

Culture o

- _ Y S
FAME s 6 6 +VEA 7 R 9
tsold:0 te 03

14: 1?7 02 . al [UX)
14:1¢ [{3] ot ot
14:0 hi R B 06 29 AN
hriS:te 0y tr
isol §:0 AB\) (133 09 0l 44 ir
anteisol S :0 tr 02 04 tr
15: 1R - a
15: 16 i 04 OR 4t
15:10S a a
15:0 (13} [} 45 10
brt6: lwbe (14 - X2
is0l6:0 02 20 234 [(X]
16: 109 (1% ] 59 AR
16:lmlc 239 244 134 LAY 50-1
16: 1071 04 06 tr oS 11
16: 1S - 16 48 26 26 1-3
16:0 415 340 222 41 413 3-8
isot7:tw? [B] - - 02 -
isol7:0 06 - - 96 07 -

anteiso!7:0 tr - . 196

17108 - - 52 - 0-4 tr

17: 106 - - 133 06 05
cyl7:0:w?/8) 182 . - - -
cyl7:0be 11

17:0 te - 10 0-R 08 02
isol8:0 129

18: a9 o (E{] 09 I

18: ¢ 05 241 17-0 08 97

18: 1t - 0-9 Q-2

18: 1S 14 09 tr 01

IR:0 tr 1-2 12 77 04 02
is019:0 03

anteisol9:0 tr 08 09 (3] te
cyl9:Ge . o3

Trace components 01 14} ot 02 02 01

Branched FAME S6 0-s 72 R7:2 60 tr

Uasaturated FAME 289 626 o4 o0 414 614

pmol (g dry wi)~! BLS 198 98 (RE 61-S 49.2

interpretation of miajor differences, the total percentages of branched and unsiturated fatty
acids occurring in each strain are presented at the bottom of cach table. Due to the constraints of
time and materials only one batch culture of cach strain and set of conditions was analysed.
Previously this laboratory has shown that phospholipid fatty acid profiles of duplicate batch
cultured bacteria usually have a standard deviation of less than 19 for cach latty acid (e.g.
Edlund er al., 1985).

The sulphide-forming bacteria in this study are clearly distinguished by the presence or
absence of 10-methyl fatty acids. Among the strains cxamined, |(-mcthyl fatty acids occur
exclusively and consistently in the Deswlfobacter spp. In Desulfobocter spp. grown on acetate,
10Mel6:0 ranged from 24-7% in Desulfobacter sp. YaclQ to 9-4%, in Deswlfobacter sp. AcBa,

VFA were added to cultures of Desulfohacter postgatei 20¢9. Desulfohacter sp. AcBa and
Desulfotomaculum acetoxidans 5575, 1n these cultures, all even-numbered fatty acids were




Fatty acids of sulphide-tormmg bactera
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Percentage unsaturation

poa a1 1 (7)

HY 20 3 40 S0 60 700 RO ) o
Percentage branclhmng

Fig. 1. Graph illusteating the distribution of the sulphidogense bactena based on percentage
unsaturation and percentage branching of their Gty acndy Numbers sefer to the cultuie numbers in
Table 1 except for: 10, Deswltovibrao desulfuricans : VU, Desalfondbess vadgarn 2 Desulforibrio afrwanus.
Strains 10 -12 are shown for reference ; the data for them is trony Fdlund ez ol (19%5), by kind permission
of the authors. Broken lines: sulphur-reducing bucteria

present in decreased proportions. Those of strain 2ac9 decreased from 67 to 199, with respect to
the total, those of strain AcBa from 69 to 472, and those of steain 5575 from 99 to 67%,.
Simultaneously the branched chain latty acids increased (2ac9, from 19 to 32, AcBa, from 12
to 27%,: 5575, from 0-5 to0 7%;).

All the Desulfobacter spp. grown on acetate were characterized by even-numbered fatty acid
distributions ranging from 779, (Jacl) to 59°%, (dacll). 10-Mcthyl tutty acids other than
10Mei16:0 were detected, including 10MelS:0 (2acY + VEA), 10Mel7:0 (2u¢Y + VFA; AcBa
+VFA; 3Jacl0 —VFA; dacll —VFA) and 10Mci8:0 (Jaci0 —VFA). Components in
insufficient quantity for structural confirmation by GGC-MS (2uc9 —VFA; AcBa +VFA;
3ac10) had idcntical retention times to 10Mel5:0; these components are not listed in Table 2.

Cyclopropyl fatty acids are also characteristic of Desulfobacter spp. The major component was
w1/w8 methylenchexadecanoic acid (cyl 7 :0a), which ranged from 30, indacl | 0 7% in JaclQ
when the bacteria were grown on acetate without the VEA. The position of the cyclopropyl
group in a second methylenchexadecanoic acid (cyt7:0b) was not identitied: this fatty acid
ranged from 0% in AcBa 10 39, in daci | and 2acY under the same conditions. Desulfobacter spp.
2ac9 and AcBa showed a decrease in proportion of cyclopropyl fatly acids when VFA were
included in the media (2ac9, from 28 to 182, AcBa, (ram 27 to 132,). Other cyclopropyl FAME
were also detected including cy16: 0 (2u¢9 + VFA ) and two cyclopropyl 18:0 FAMI designated
cyl8:0a and cyl8:0b.

The *fat vibrio’ strain AcK o grown on acctate had 75°, even-numbered and 949 straight-
chain fatty acids, with high levels of ¢yl17:0 (cyl7 Oa, 189, cy17:0b, 1) similar to the
Desulfobacter spp.; however, no 10-methyl FAME could be detected.

Desulfotomaculum acctoxiduns 5575 grown on acctate gave a distribution of 999 cven-
numbecred and 99% straight-chain Catty acids. Incorporation of VEA into the medinm decreised
the proportions of even-numbered and straight-chain Lty acids 10 68 and 937, respectively.
High levels of 16:1w?c (24%,) and 18 lwTe (2470 were characteristic of this organism.
Monoenoic fatty acids represented 629 (= VEA) and 6079, (+ VIFA) of the total. Neither
10-methyl nor cyclopropyl FAME were detected.

Desulfovibrio thermophilus grown on pycuvate had no detectable unsaturated fatty acids. Odd-
numbercd and branched-chim tany acids predomimated (51 and 877, respectively) in this
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species, incontgast to the other ongamesms he ngon fatty acds were isol Oand anteisol 7 .0

Desulfurameonas acerovidany 11070 & sotphurseducinge b wHm grown on acetate plos
fomacare, exlnbited o distoshateos of 947 cven-nambered and ‘H“" stoaghe clunm ey aods
Thic organism showed the highest proporions of the Gitev acrds 16082 Yand 16 tede (377)),
whiach e conmmom among ot the steoans evauoed except the Desalfon dv e thevmophulus stoaa,
which lacked 16 1enlc: otherwise, no distincive componcnts were detected

The Campilobacter-like spativny st SE7S whieh adso atdized clementaf salpha as an
clection acceptor, was grown on duncoate B had o distabation of predominantly cven-
numbered (987 ) and strimght-clunn (7)) tatty acids The mgor Gy acids were 16 La7c
(50°,) and 160 (27, '

Fig 1 showsa graphic representation ot sl the orgamisms e Guatined bised on the pereentage
visatucation and percentage bonclmg o thew Lty acids Organisms showing llmnulugy of
morphological and physiological paciometers (e g the Desdfobacter <pp ) ace pronped. The
sulphur-reducing bactenin (Devidfuromomns and the spicittuin) e encircled with broken lines to
distinguish them from the sulphate-reducing bacteria. No other homology ol chariteters in the
sulphur reducers is implicd,

DISCUSSTON

Al the stratns examined could he differentiated by thicir respective distributions of
phospholipid ester-linked fatty acids

The Desulfobacrer spp. exhibited homology of Gatty acid biomarkers  High levels of
cycloprapyland 10Mcl6 0 fatty acid< were observed with Lirgely an cven-numbered, straight-
chiain Tatty acid disteibution after growth on acetate. This i< inagreement with Taylor & Parkes
(1983), who cxamined the Latty acids of Deswlfobacter sp. dacl0 Our prolile for 3acl@ also
included tow levels of 10Mce) 7:0 and JOMeIR -0 (Table 2). These unusual Fatty acids, as well as
10Me) 5:0, were alsa Tound 10 other Deswlfohacter spp. No other genera contiained 10-methy)
farty acids. Kroppenstedt & Kutzner (1978) shawed that 10-methyl Tatty acids oceur in
actinomycetes and mcrease as a function of age ; fowever, unlike Desidfohacter spp., 10Mcel7:0
and 10Mcl& ¢ teud 1o dominate in these ilimentous bacter,

Some bucterial fatty acid profiles vary in cmnpmiliun according to external stimuli
(temperatuce, pll. nitrogen source. salinity. cte.; Lechevalier. 1976} In order to use specific
fatty acid biomarkers toanteepret environmental community structure, micro-organisms should
be exatmined for Fatty acid patterns and theie vieiation under different conditions. Tayloe &
Parkes (1983) showed that Fatty acid profiles in some sulphate-reducing bacteria can be
influenced by cithon source: however, in all cases major Latty acid biomarkers were
identifiable. With three separate cultures of Desulfobuthus sp. 3po10 it was shown that growth on
propionate produced an odd carbon number straight-chain profile, CO, produced an even
carbon number straight-chain profile and tictate an approxinately cquat distribution of odd
and even carbon number ind of straightand brinclied chains. These chunges could be cxplained

T in terms of the carhon sources being used as Gty acid chain mitiators. This siudy is concerned
with the induced varistion in fatty acid profites due to the presence of propionate and beanched-
chain volatile fatty acids. The tatier are formed in sediments and sludges by fesmentative
breakdown of branched-chain amino acids. With the exception of isabuiyrite being oxidized by
Desulfotomactdum acetoxidons (Widdel & Plennig, 19815, none of the added VEA could be
utilized as clectron donor by the sulplite reducers. The present study has shown that
inteepretation of environmental data using lipads should consider the potential elect of a varicty
of VEA produced by fermentative bacteria. whiclh may change the fatty acid distributions ot
various micro-organisms present. Ingram ez ol (19771 shiowed tug e xogenous propionate can be
incorporated as a chain initiator into Eschertchia cale latty acids during growth on glucose broth,
giving risc to odd-numbered chains T seems likely that the VEA incorporated into strains 2ac9,
AcBa and 5575 were used as chain taitidors, because all three cultures displayed inereased
proportions ol odd carbon number and branched Lty acids (see Lables 2and 3y Desulfohacter
sp. AcBla grown in media containing VEA synthesized antersald 0 and amteisol6:0: the

s
AGAUME R e “ (’8'.;@‘}4“3 .J.'i‘i \“C’ﬁ ‘ v‘l‘q\ ’l&'iu‘l "“‘ 3




Fatry acrds of sulphsde-forvnng hadteria 821 li ‘L:l o

presence of these fatty acuds could not be mterpreted m terms of any of the VEA being used as
chain initiator (Kaneda, 1977)

Carbon sources influcnced T-methyl Latty acids and ther stenght-chiain equivalents in
similar ways; therr proporbon was lowered when odd-numbered and branched VEA were
incorporated into the growth medmm As Kroppenstedt & Kutzner (1978) suggest, this implies
that 10Mcl16:0 is tormed by methylation ot the Toth carbon atter nutid synthesis ol o mono-
unsaturated 16-carbon acid 1 oso, this atmost certamly takes pliwce e vitie 1o the estectied
phospholipid an the membiane (Akamatsa & §aw, 1970) i & _:

The *fat vibrio” st AcKo extubits both nutnitional and fatty acid profile sinnfarities to ‘;
Desulfobacter spp ., however, st AcK o hus no 10-methyl Latty acids

Desulfotomaculum acetontdamy SSTS goown on acetate exhibited o very ditferent fatty acid
distribution compared with that of the Desidfobacter spp. or the “fat vibrio” AcKo. Neither
cyclopropyl nor 1O-methyl Gatty acids were detected. 1 he predominant fatty acids were 162 1w e,
18:1wTc and 16:0. The presence of substantial amounts of unsaturated Fatty acid in
Desulfotomacubion acetoviduns (627 ), Desulfuromonas ac ctovdans (44° ) and the Campvlobacter-
like spirtllum (63" ,), as compared o the other sulphade-formung bactera, probably does not
indiciate a physiological o gencalogical refationship Nutotionally, these species e very
different; moreover, the spotagenaus Deswdfetemactdunt acetovidam belongs 1o the Clostridium
branch of the Geam-positive bacteria, whereas Desulfuromeonas and the spicillum are Gram-
negiative (Fowler eral., 1985). Bacteria actually assipaed to the genus Campylobacter exhibit high
levels of unsaturiation Gapproximately S0” ), with no boanchied atty acids (Blaser ¢ al ., 1980),
and have fatty acid profites that are sinnlar to tHut of the Campylobacter-like spicillum 5175
(although strain S17S exhibited some branched faty acids).

Desudfovibrio thermaophilies, anlike other Desulforibeio spp. (Edlund e ol 1985), exhibited no
detectable unsaturated Nty acids: however, 87%, were iso or anteiso branched. Silvius &
McEihaney (19794, 1) have shown that iso and anteiso branching provide the same efect as
unsaturation with respect to membrane fhndity. Fhus could explain why some bacteria have a
low degree of fatty acid branching with high unsaturation and others have completely the
reverse. Thus the Camprfobacter-like spiciltum and Devidfovibrio thermaphifies way achicve the
same effect by diflerent mechanisms.

The ratios of unsaturation to branching of the fatty acids of different sulphide-torming
bacteria can be used to distinguish certain physiological and taxonamic groups (Fig. 1). This
does not apply o Desulfotomaculum acetovidans and the sulphur-reducing spicillum, but the
presence or absence ol certam Fatty acids (Table ) can be used to separate these two organisms.

In this study we have shown that among the sulplide-forming bacteria examined only
members of the genus Desudfohacter Gl acetate utilizess) contain the Gatty acid 1M 16:0. Other
genera containing 10Mcel16:0 in their Gatty acids include members of the actinomycetales
(Kroppenstedt & Kutzner, 197K) However, those members which do exhibit 10-methyl fatty
acids have major quantitics of 1OMcEB 0, but not of TOMe 60, Prehminary ittempts to assess
the contribution of these actinomycctes to the microhiad hiomass of marine sediments appear o
indicate that they are teeresteial organisms that hive been washed into the sea, where they do not
contribute to biomitss turmover (Goadtellow & Haynes, 1984) Thus the presence of 100Mel16:0
and ey 7:0, without high levels of TOMeTX 0, seems to have the potential to act as a biomauker
for Desulfobacter spp. in manine sulphate-reducing environments.
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